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Two new classes of all-inorganic nanostructured multilayers, {MMTx-(sol-gel 
oxide)}n and {MMTx-(oxide nanoparticle)}n, have been successfully synthesized for the 
first time. They were made by adapting a layer-by-layer (LbL) assembly method initially 
developed to synthesize polyelectrolyte-based multilayers. In most previous studies, this 
electrostatic-assisted LbL assembly method used polyelectrolytes/polymers as the 
“structural glue” to prepare multilayers. The synthesis of {MMTx-(sol-gel ZrO2)}n 
multilayers demonstrates for the first time the feasibility of making sol-gel oxide “glued” 
all-inorganic multilayers, thereby introducing an innovative nanoscale fabrication 
concept. The synthesis of {MMTx-(oxide nanoparticle)}n multilayers further illustrates 
the versatility of LbL assembly technique by achieving a second new type of all-
inorganic multilayers with a novel “plate-ball” architecture. The feasibility of 
synthesizing other types of multilayer structures, including {MMTx-(ionic liquid)}n, 
{(carbon nanotube)-(sol-gel ZrO2)}n, and {polymer-(sol-gel ZrO2)}n, were also explored. 
Systematical investigations of the growth kinetics of {MMTx-(sol-gel ZrO2)}n 
multilayers reveal unique underlying mechanisms for electrostatic-assisted growth of sol-
gel films and LbL assembly. The growth of the MMT and sol-gel ZrO2 layers is strongly 
coupled. For fresh aqueous ZrO2 precursors, the growth rates of sol-gel ZrO2 layers on 
MMT surfaces as functions of time and precursor concentration do not follow the 
standard mass transfer or interfacial reaction controlled kinetic models. Furthermore, the 
growth of the sol-gel oxide layers on MMT surfaces is self-limited to a maximum 
thickness of ~50-60 nm. These observations suggest a surface-mediated growth of sol-gel 
 iii
`oxide layers on MMT surfaces, one that is likely controlled by electrostatic interactions. 
These new findings significantly advance the general understanding of the LbL 
electrostatic assembly process. For the aged precursors, the growth mechanism differs; 
the growth of sol-gel oxide layers is controlled by hydrodynamics and follows the 
Landau-Levich model. For as-deposited multilayers, isothermal annealing at ~400 °C 
dehydrates them and removes the residue acetate groups without damaging the MMT 
nanoplatelets and the ordered layer structures. Nanomechanical measurements show that 
the elastic modulus of the multilayers can be intentionally tuned by changing the 
multilayer design and that significant porosity is present in the multilayers even after 
annealing. In addition, free-standing multilayers are successfully made via using 
sacrificial substrates, and the newly developed methodology for {MMTx-(sol-gel 
oxide)}n can be extended, using other metal oxides, e.g., SnO2, as the inorganic “glue.”  
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The Langmuir-Blodgett technique was once the major technique to synthesize 
ultrathin organic films or multilayers 1. However, this technique requires expensive 
equipment and long fabrication time. In 1990s, a simpler and more cost-effective layer-
by-layer (LbL), electrostatic-assisted self-assembly method, was developed by Decher et 
al. to synthesize polyelectrolyte multilayers 2. This LbL self-assembly forms multilayer 
thin films through electrostatic interactions, via alternative adsorption of positively and 
negatively charged species from solutions. Since then, a wide variety of multilayers have 
been synthesized with this versatile LbL technique using various building units, where 
polyelectrolytes/polymers are usually used to “glue” the structures2-8. In particular, 
various nanoclay-polymer multilayers have been synthesized 9, and these organic-
inorganic hybrid multilayers exhibit excellent mechanical and other properties 10.  
On the other hand, all-inorganic multilayers are attractive for applications at high 
temperature, and they usually exhibit better rigidity and chemical stability than polymer-
bearing multilayers.  However, before this dissertation study, only a few types of all-
inorganic multilayers had been made, and they were mainly made via LbL assembly of 
oppositely charged nanoparticles 11, 12.  
In this dissertation study, an entirely new class of all-inorganic multilayers, 
{MMTx-(sol-gel ZrO2)}n, has been synthesized for the first time to the author’s 
knowledge. On one hand, permanent negative surface charges of the montmorillonite 
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(MMT) nanosheets enable electrostatic assisted assembly; furthermore, its unique 2-D 
nanosheet shape (~1 nm in thickness and ~100-1000 nm in the lateral dimension 13, 14) 
provides planar surfaces for the growth of the sol-gel films, and it ensures the structural 
integrity of the resultant multilayer. On the other hand, sol-gel ZrO2 is used to “glue” 
multilayers to further enhance the structure integrity.  
The synthesis of {MMTx-(sol-gel ZrO2)}n multilayers is described and discussed 
in Chapter 4 and Chapter 5, after documenting in Chapter 3 a brief study of synthesis of 
sol-gel ZrO2 films as a preliminary study. It is further demonstrated (in Chapter 7) that 
this method can be extended to make {nanoclay-(sol-gel oxide)}n multilayers with other 
metal oxides (e.g., SnO2). These studies have demonstrated feasibility of using sol-gel 
oxides, instead of polyelectrolytes/polymers, as the “glue” to make multilayers. This 
represents an innovative concept in nanoscale fabrication.  
Furthermore, a class of {nanoclay-(oxide nanoparticle)}n multilayers, with a novel 
“plate-ball” architecture, has been synthesized (again for the first time). Several 
derivative and more complex multilayer structures have also been made. These studies 
are documented in Chapter 6. Finally, we also explore the feasibility to synthesize several 
other types of multilayer structures, including nanoclay-ionic liquid, polymer-oxide 
multilayers, and carbon nanotube-oxide multilayers. This exploration is documented in 
Chapter 7. 
These all-inorganic {nanoclay-(sol-gel oxide)}n and {nanoclay-(oxide 
nanoparticle)}n multilayers offer a platform to do more quantitative studies of growth 
kinetics and electrostatic assisted assembly mechanisms. In particular, the growth 
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mechanisms of {MMTx-(sol-gel ZrO2)}n multilayers have been investigated in great 
details to understand the coupling between the growth of MMT and sol-gel ZrO2 layers in 
a LbL process, the kinetics of the sol-gel ZrO2 deposition on MMT surfaces, and the 
possible effects of electrostatic interactions. This mechanism study is documented and 
discussed in Chapter 5.   
Chapter 8 discusses potential applications of {nanoclay-(sol-gel oxide)}n and 
{nanoclay-(oxide nanoparticle)}n multilayers as high-temperature filtering membranes, 
micro-cantilevers, interface-based fast ion conductor, sensors, and protective coatings, 
based on their all-inorganic building units and distinct structures.  
Chapter 2 is a review of literature in the relevant fields, including LbL assembly, 
the structure and chemistry of clays, colloidal theories, sol-gel chemistry, and dip coating 







1. Layer-by-Layer Self Assembly 
Decher et al. developed a layer-by-layer (LbL) self-assembly technique in 1990s 
to synthesize polyelectrolyte multilayer films 2. This technique fabricates nanostructured 
multilayers via sequential deposition of oppositely charged species onto a surface through 
electrostatic attractions 15-23. A typical synthesis procedure is schematically shown in 
Figure 1.  
 
Figure 1. Layer-by-layer self assembly of polyelectrolyte multilayers using  poly 
(styrenesulfonate) (PSS) polyanions and poly (allylamine) (PAH) polycations 2. 
 
A polyelectrolyte multilayer can be prepared by repeating the following four steps 
(Figure 1). First, a positively charged substrate is dipped into a polyanion (e.g., poly 
(styrenesulfonate) or PSS) solution. Second, the substrate is rinsed in water, after which 
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one monolayer of polyanions remained adsorbed on the substrate because of electrostatic 
attractions. Third, the substrate is dipped into a polycation (e.g., poly (allylamine) or 
PAH) solution. Fourth, the substrate is rinsed in water again to remove loosely adsorbed 
polycations. The above four steps are repeated for n times to deposit a {PSS-PAH}n 
multilayer as an LbL assembly. 
Following Decher’s work, a wide range of organic and hybrid organic-inorganic 
films with a broad spectrum of mechanical, electrical, and biological functionalities 15-23 
were developed, using building units such as polyelectrolytes, nanoparticles, dyes 24, 
proteins 25, and enzymes. These LbL methods have a number of advantages, including 
high versatility for film composition, ease of preparation, low cost, precise control of 
layer thickness 26, and self-healing 27, 28. These LbL assembled multilayers have a broad 
range of applications 15-23 and several examples are given as follows:  thin and defect-free 
{PSS-PAH}n multilayers are used as membranes to separate gases or remove small 
impurity ions and molecules 29. {PAA-PAH}n multilayers (where PAA = poly (acrylic 
acid)) are used to functionalize the interior of porous membranes for gas analysis, 
selective molecule adsorption and catalytic applications 29. { PDADMA -PSS}n 
multilayers (where PDADMA = poly(diallyl dimethyl ammonium)) are used as cell 
scaffold materials due to their good mechanical properties 30. { PEI-PAA }n multilayers 
(where PEI = polyethylene imine) are used as self-cleaning coatings due to their 




1.1 Nanoclay-Polymer Multilayers  
In early 1990s, Kleinfeld and Ferguson synthesized {laponite-PDDA}n, which 
was perhaps the first nanoclay-polymer multilayer 27, 31. Since then, various types of 
nanoclay-polymer multilayers have been made. Many of such multilayers utilize 
exfoliated montmorillonite (MMT), in which isomorphous substitution causes net 
negatively charged surfaces 32, enabling electrostatic assembly. Furthermore, the high 
aspect ratio of exfoliated MMT of ~ 1 nm in thickness and 100-1000 nm in lateral 
dimension 33 provides a planar surface for the deposition and growth of oppositely 
charged units. Recently, this class of polymer-nanoclay multilayers has attracted great 
attention 9, 10, 15, 25, 27, 31, 34-37. In particular, Kotov’s group prepared {PDDA/MMT}n 
multilayers to mimic natural brick-and-mortar structure in natural nacre 38, 39. The 
multilayers exhibited good mechanical properties.  For example, a 2.4-m-thick 
multilayer (n = 100) had a Young modulus of 10 GPa. Kotov’s group also prepared a 
{PVA/MMT}n multilayer with non-polyelectrolyte polymers; after treating with 
glutaraldehyde (for cross-linking), this multilayer exhibited an even higher Young 
modulus of 106 GPa, which was close to those of steels 10. Their studies demonstrated 
that nanocomposites can possess the promised superior mechanical (and perhaps other) 
properties with controlled nanoscale fabrication 40-46. Nanoparticles (e.g., magnetic Fe3O4 
47) and biomaterials (e.g., L-3,4-dihydroxyphenylalanine- lysine- polyethylene glycol 
(DOPA-Lys-PEG) 25) may also be incorporated into such nanoclay-polymer multilayers. 
These nanoclay-polymer based multilayers have a wide range of potential applications, 
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such as gas membranes 34, diffusion barriers  21, mechanically protective coatings 9, 10, 
sensor materials 48, 49, anti-corrosion coatings 50,  and microcantilevers 51.   
 
1.2 All-Inorganic Multilayers  
To date, a majority of the electrostatically assembled films consist of either all or 
partial polyelectrolyte layers that serve as the “electrostatic glue” for structural integrity. 
On the other hand, all-inorganic multilayers are attractive for applications in high-
temperature environments, and they usually exhibit better rigidity and chemical stability 
than polymer-bearing multilayers.  Only a few types of multilayers with primarily 
inorganic building units, typically nanoparticles, have been synthesized. In 1966, Iler et 
al. at DuPont developed probably the first electrostatically assembled multilayers using 
SiO2 and boehmite fibrils 
52, although this work did not receive much attention at that 
time. In 2006, Lee et al. at MIT re-examined the possibility of making “all-nanoparticle” 
multilayer films through LbL electrostatic assembly using TiO2 and SiO2 nanoparticles 
11, 
12, and they controlled the multilayer growth with deposition cycles and the pH of 
suspensions. In 2008, they further made multilayers of oppositely charged SiO2 
nanoparticles with altered surface charges via surface modification 53. In the same year, 
another synthesis of multilayers of MnO2 nanosheets and layered double hydroxides was 
reported 54. In 2009, another MIT group synthesized all carbon nanotube multilayers 55 
and carbon nanotube/Au nanoparticle thin films 56, both involving surface modification to 
alter surface charges.  Other examples include multilayers of coated Au/Ag nanoparticles 




60, and {clay-Fe3O4}n 
47, 61. All of these primarily 
inorganic multilayers were based on inorganic nanoparticles, including nanotubes and 
nanosheets, and many of them employed surface modifications using organic species to 
enable electrostatic assembly.  
 
1.3 Fundamental Studies of LbL Assembly Mechanisms 
Extensive prior studies have been conducted to investigate how various 
experimental parameters affect the growth, structure, and properties of synthesized 
polyelectrolyte based multilayers. The nature of the polyelectrolyte, ionic strength and 
pH of the solution are among the key experimental parameters. First, it was demonstrated 
that the type of the polyelectrolyte critically affect bonding energy and equilibration time 
of interacting polymers 62, but polyelectrolyte concentrations has little effect on the 
multilayer growth 18. Second, use of a high ionic strength will generally increase 
thicknesses, densities, and surface roughness of the multilayers 18. Third, the pH of a 
solution has complex influences on multilayer synthesis, as it changes both the ionic 
strength of the solution and the charges of polymer chains 63, 64. Finally, changes in these 
key parameter can affect the structural stability65, optically properties66, and wetability 67 
of the resultant multilayers.  
It should be noted that polyelectrolyte associations during a LbL assembly are 
fundamentally ion exchange processes, where polycation-anion and polyanion-cation 
associations are replaced by polycation-polyanion associations 20, 68. Thermodynamically, 
the association of polycation-polyanion is driven largely by entropy (as a result of the 
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release of counter-ions and hydration water molecules from a dissolution of the 
polyelectrolyte chains) 68. Haynie et al.69 investigated the formation of {PSS/PAH}n 
using a wide range of ionic strength via isothermal titration calorimetry, and they have 
drawn a similar conclusion that the LbL assembly process is entropy-driven nature. 
Usually, LbL assembly happens through electrostatic interactions. However, other 
kinds of physicochemical interactions, such as hydrogen bonding, covalent attachment, 
biological recognition, hydrophobic interactions, ionic charge transfer  and metal-ligand 
interactions 20, 70, can also play significant roles at specific conditions. For example, 
hydrogen bonding interactions are the driving forces for the growth of polyelectrolyte 
multilayers made of neutral poly(vinylpyrrolidone) (PVV), poly(vinyl alcohol) (PVA), 
poly(acrylamide) (PAAm), and poly(ethylene oxide) (PEO) 71. In nanoclay-polymer 
multilayers, MMT surfaces can absorb polymers by electrostatic attractions or hydrogen 
bonding (Figure 2). Tang attributed the good cohesion between PDDA and MMT to the 
pinning of each segment of the polymer chains by a strong ionic bonding (Figure 2a) 37. 
Podsiadlo suggested both the hydrogen bonding and the six-atom ring formed between 
PVA and Al (of montmorillonite) contributed to the good mechanical properties (Figure 
2b and c).  
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Figure 2. (a)Polycations fold and pair with nanoclays 9. (b) A molecular structure of the 
bonding between PVA and MMT 10. (c) An enlarged six-membered ring formed between 
PVA and MMT. Al, purple; O, red; H, light gray; Si, dark gray; C, green.   
 
2. Clay Materials 
2.1 Clay structure 
Clay minerals are categorized as amorphous and crystalline groups, as shown in 
Table 1. For crystalline groups, a repeatable unit is composed of m layers of silica 
tetrahedrons (SiO4
4-) and n layers of octahedrons. Each tetrahedron shares three O atoms 
with the neighbor units to form a hexagonal network, and the basic structural unit of the 
tetrahedral layer is Si2O5
2-. Apical O atoms from the silica tetrahedral layer, hydroxyls (in 
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the center of a hexagonal unit) and metal (e.g., Al, Mg) cations form octahedrons in the 
octahedral layer. There are two types of octahedral layers, dioctahedral or trioctahedral, 
with different occupation ratios of the octahedron centers. If Al3+ is the only metal 
embedded in the octahedron center, two-thirds of the octahedron centers will be occupied 
for a charge balance. This structure is called as dioctahedral. If every two Al3+ cations in 
the dioctahedral layer are replaced by three Mg2+ cations, all octahedron centers will be 
occupied; this structure is called as trioctahedral.  
 





A. Two-layer types (sheet structures composed of one layer of silica 
tetrahedrons and one layer of alumina octahedrons): kaolinite, nacrite, 
halloysite, etc.  
B. Three-layer types (sheet structures composed of two layers of silica 
tetrahedrons and one central dioctahedral or trioctahedral layer): 
montmorillonite, sauconite, vermiculite, nontronite, saponite, 
hectorite, illite etc. 
C. Regular mixed-layer types (an ordered stacking of alternative layers of 
different types): chlorite, etc.  
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D. Chain-structure types (hornblende-like chains of silica tetrahedrons 
linked together by octahedral groups of oxygen and hydroxyls 
containing Al and Mg atoms): attapulgite, sepiolite, palygorskite, etc. 
 
Montmorillonite (MMT) is three-layer type crystalline clay (Table 1), and its 
structure is shown in Figure 3. The chemical formula of the unit is Si8Al4O20(OH)4.  
One feature of the MMT structure is that three-layer units have permanent negative 
surface charges; these charges not only promote the electrostatic self-assembly process, 
but also render a high lateral bond strength within the constructed multilayers or their 
precursors15. The surface charges are resulted from isomorphous substitution (e.g., 
substitution of Si4+ by Al3+ in tetrahedron units), and they are balanced by exchangeable 
cations between units.  
 
Figure 3. The montmorillonite structure 73. 
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The three-layer unit in MMT has a high aspect ratio. The unit thickness is ~ 1 nm, 
while the lateral size of clay platelets is from ~ 100 nm to ~ 1-2 m 13, 14. This high aspect 
ratio of platy nanoclays provides an ideal planar surface for the growth of other materials 
and self-assemblies of nanomaterials. For three-layer type clays, tetrahedral layers can 
distort in lateral directions and dioctahedral layers can be stretched and thinned. 
 
2.2 Cation exchange 
Clay materials are able to exchange cations with the cations in a solution. The 
cation exchange capacity (CEC) measures in a unit of milliequivalents per 100 g 
(meq/100g). Representative CEC values of clay materials are listed in Table 2. Typically, 
three-layer type clays (smectite and vermiculite) have higher CEC. The actual CEC value 
depends on the particle size, as well as the grinding methods or heat treatments that have 
been used.  
Exchangeable cations of three-layer type clays are mostly located on surfaces of 
basal layers, which neutralize negative charges caused by isomorphous substitutions. A 
small number of exchangeable cations are at edges of clay platelets, which neutralize 
negative charges caused by broken bonds. For example, surface exchangeable cations 
account for 80 % total CEC of smectite, and edge exchangeable cations account for the 





Table 2. Cation exchange capacity of clay minerals (meq/100g) 72. 
 
Kaolinite 3-15 
Halloysite 2H2O 5-10 







The easiness and the ratio of exchangeable cations that can be replaced are 
affected by many factors: the concentration of replacing cations in the solution, the 
population of exchange positions, the type of anions in the replacing solution, the nature 
of clay materials and cations, and the heat treatment history of clay materials 72. In 
general, cations with higher valence charges and larger ion size can replace others more 
easily, and they are harder to be replaced. Empirically, exchangeable cations can be 
replaced in the following order: Na+ 74 (Na+ is easiest to be replaced).  
 
2.3Swelling in aqueous suspensions 
MMT swells when it is dispersed in an aqueous solution or exposed to a moisture 
environment. Norrish et al. divided the swelling into three stages 75 (Error! Not a valid 
bookmark self-reference.). In the first stage, water molecules penetrate inside clays and 
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hydrolyze interlayer cations. The released hydration energy (e.g., 114 kcal per g for Na+ 
hydration) may overcome the electrostatic attractive force between layers, increasing the 
interlayer spacing to ~ 2 nm. In the second stage, an electrical double layer forms, 
resulting an interlayer repulsion and increasing the interlayer spacing further to ~ 3- 10 
nm. In the third stage, the interlayer spacing further increases and it is only limited by the 
volume of water that is supplied. 
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3. Colloid Chemistry  
3.1 Point of zero charge 
 Oxide surfaces usually have hydroxyl groups ( M OH ) due to chemisorptions 
of water molecules, as shown in Figure 4. These surface groups can be ionized via acid-
base chemical reactions: 
 
3 2M O H O M OH H O
      ,
 
2 2M OH H O M OH HO
      ,
which produce charged surface groups, M O  or  2M OH
 . The certain pH value, at 
which the oxide surface is neutral, is defined as the “point of zero charge” (PZC). If the 
actual pH PZC , then the oxide surface is negatively charged; if the actual pH PZC , 
then the oxide surface is positively charged. 
 
Figure 4. Water chemisorptions on an oxide surface 77. 
 
PZC values are affected by several factors, which include the chemistry and  
structure of the oxide, particle morphology, and heat treatment and physicochemical 
histories 77. In general, oxides with cations of small size and high valence charges have 
low PZC values (as shown in Table 4), because surface groups become acidity.  
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Table 4. Point of zero charge of several oxides77, 78. 
 
z Oxide PCN 
+II MgO ≈ 12.5 
 ZnO 9-10 
+III -Fe2O3 5.5-9 
 -Al2O3 6.5-10 
+IV TiO2 3.5-6.5 
 SiO2 2-4 
+V Sb2O5 ≈ 0.5 
+VI WO3 ≈ 0.4 
 
3.2 Electrical double layer 
A charged oxide surface attracts counter ions in suspensions through electrostatic 
interactions. An electrical double layer (EDL), which is composed of surface charges and 
counter ions, forms. Historically, the Helmholtz model, the Gouy-Chapman model, and 
the Stern model were used to explain the formation of an EDL. The Gouy-Chapman 
model (Figure 5) considers the effects of both electrostatic interactions and thermal 
motions of ions. In this model, concentrations of local cations or anions are given by:  
 /0 i BW k T





where 0ic  is the bulk concentration of ion i , iW  is the electric work to move ion i , Bk  is 
the Boltzmann constant, and T is temperature. Then, the local charge density of 
monovalent salt is given by: 
 ( , , ) ( , , )
0( ) ( )
B B
e x y z e x y z
k T k T











Figure 5. (a) EDL models, Helmholtz, Gouy-Chapman, and Stern (from left to right), and 
the corresponding electrical potential (φ) plots for negatively charged surfaces 79. (b) 
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EDL of Stern model for a negatively charged metal surface, showing the inner Helmholtz 
(IHP), Stern layer, the outer Helmholtz (OHP), and the diffuse layers 80. 
 
 Poisson equation ( 2


   ) is used to calculate the electrical potential near a 
charged planar surface, and the potential is solved as 
 
0
xe      
(3),













The electrical potential decreases exponentially from the surface, and the decay length 
( 1D 
 ; Debye length) is related to the ionic strength and the solution dielectric 
constant. 
Stern further combined Helmholtz and Gouy-Chapman models, dividing the 
double layer into one layer of immobile ions (Stern layer), which are directly adsorbed on 
the surface, and one layer of mobile ions (diffuse layer), as shown in Figure 5 (b). The 
Stern layer has chemically and physically bonded cations, anions, and water molecules, 
which form a “surface complex” 81. In the Stern layer, the electrical potential drops 
linearly, and the potential at the outer boundary is called as zeta potential (  ), which is 
directly related to the electrokinetic properties.  
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3.3 Stability of colloids 
Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory explains the stability 
of colloids from interactions between the attractive van der Waals force and the repulsive 
electrostatic double-layer force 80. The van der Walls force includes three types of inter-
molecule forces: Keesom force, Debye force, and London dispersion force. Keesom force 
describes the interactions between freely rotating permanent dipoles. Debye force 
describes the interactions between permanent and induced dipoles. London dispersion, 
which is usually the major component of van der Walls force, describes the interactions 
between non-polar molecules using a quantum mechanical perturbation theory.  
The electrostatic double-layer force arises as the two EDLs overlap. This is 
illustrated in Figure 6. If surface potentials of charged surfaces are held constant, then the 





  ) decrease when two 
surfaces become closer. Consequently, the total Gibbs free energy increases, resulting in 
a repulsion between two EDLs 80.  
 




When both the van der Walls force and the electrostatic double-layer force are 
considered, the energy per unit area between two infinitely extended solids with a 
distance x is expressed as: 
 













where 0c  is the electrolyte concentration, D  is the Debye length of the EDL, and HA  is 
the Hamaker constant. A typical potential energy vs. the distance between two charged 
surfaces is plotted in Figure 7. At a short distance, the strong van der Walls attraction 
results in a “primary minimum” in Figure 7, and colloid particles coagulate. The 
coagulation may be broken if colloid particles absorb enough energy to overcome the 
energy barrier (“ MAXV ”in Figure 7). At a larger distance, a secondary energy minimum 
can arise as a balance of the attractive van der Walls force and repulsive electrostatic 
force, stabilizing a colloidal. 
Experimentally, the stability of a colloid is affected by the ionic strength and the 
pH value. Increasing electrolyte concentrations or using high valence charge electrolyte 
ions will decrease the Debye length and the repulsive electrical double layer force, 
causing aggregations. Changing the pH of a suspension will change the surface charges 
and the surface potential of the colloid particles, and colloid particles aggregate as pH is 
close to isoelectric point (≈ PZC). In addition, applying a organic coating as a steric 
barrier can increase the stability of colloids82.  
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Figure 7. A schematic of the potential energy vs. the particle distance, following the 
DLVO theory 82.  
 
4. Sol-Gel Chemistry  
Inorganic salts can be used as sol-gel precursors to prepare oxide ceramics and 
glass. Because of the versatility of reaction products and reaction paths, hydrolysis and 
condensation reactions of inorganic salts are generally complex. Partial charge model 82-84 
using a electronegativity equalization concept is a convenient tool to understand such 
reactions. If a hydrolysis/condensation reaction happens, the charge will transfer from 
one atom to the other until electronegativities equal. Consequently, atoms will have 
partial positive (+) or negative (-) charges. The electronegativity (  ) is assumed to 
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change linearly with the partial charge: 0i i i i     , where 
0
i  is the electronegativity 
of atom i  and 0i ik  .  
 
4.1 Hydrolysis  
When metal cations (Mz+) and anions (Xz-) of inorganic salts (MX) disassociate in 













where N is the coordination number. During this solvation process, polar water molecules 
form partially covalent bonds with Mz+, and charges transfer from the water to the metal. 
As a result, hydrogen atoms have positive partial charges, and the water molecules, as a 
whole, become acidic. With an increasing magnitude of electron transfers, the hydrated 
cations react as 
 ( 1) ( 2)
2[ ( )] [ ] [ ] 2
z z zM OH M OH H M O H             .
Thus, the three possible ligands are aquo (M-(OH2)), hydroxo (M-OH), and oxo (M=O).  
The actual hydrolysis products, [MONH2N-h]
(z-h)+, usually can have more than one type of 
ligands and form multiple types of complex structures. Consequently, for a different 
hydrolysis molar ratio (h),  aquo-ion (h = 0), oxy-ion (h = 2N), aquo-hydroxo (h < N), 
oxo-hydroxo (h > N), or hydroxo (h = N) complexes can be resulted 82. A “charge-pH” 
diagram summaries observations of hydrolyzed inorganic precursors as a function of the 
formal charge z  of the cation and the pH of aqueous solutions. An example is shown in 
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(2N-z)-) are marked. For a formal charge 4z  , cations can have many types of 
hydrolyzed complexes, such as aquo-hydroxo, hydroxo, oxo-hydroxo, or oxo ions, over a 
wide range of pH. 
 
Figure 8. A typical “charge-pH” diagram 84.  
 
Ligands of hydrolyzed complexes function differently in condensation reactions. 
Oxo ligands (M=O) of oxo-ions ([MON]
(2N-z)-) are good nucleophiles and poor leaving 
groups, because the partial charge of O is strongly negative (   0O  ) and the partial 
charge of M is slightly positive. Aquo ligands (M-(OH2)) of aquo-ions ([M(OH2)N]
z+) are 
leaving groups, because the partial charge of M is strongly positive (   0M  ) and the 
partial charge of water is slightly positive (  2 0H O  ). Hydroxo ligands (M-OH) of 
hydrolyzed complexes ([MONH2N-h]
(z-h)+) can be both nucleophiles and leaving groups.  
 
 25
4.2 Condensation  
Condensation reactions can happen via olation with hydroxo-aquo precursors 
([M(OH)h(OH2)N-h]
(z-h)+) or via oxolation with oxo-hydroxo precursors ([MOh(OH)N-
h]
(N+h-z)-). In olation processes, nucleophilic hydroxo ligands (M-OH) substitute leaving 
groups, aquo ligands (M-(OH2)), forming hydroxo bridges (M-OH-M; “ol”). An example 




In oxolation processes, nucleophilic hydroxo ligands (M-OH) substitute leaving groups, 
hydroxo ligands (M-OH) or aquo ligands (M-(OH2)), forming oxo bridges (M-O-M). An 




Charged hydroxo-aquo precursors, [M(OH)h(OH2)N-h]
(z-h)+  with 1z h  , can 
form polycations, but they cannot condense infinitely to form a solid phase. It is because 
the nucleophilic strength of hydroxo ligands decreases (  OH  changes from negative 
to neutral or positive) during the condensation process. However, zero charged hydroxo-
aquo precursors, [M(OH)h(OH2)N-h]
(z-h)+ with z h , can condense infinitely via olation to 
form a solid phase (either a gel or a precipitate 84). For oxo-hydroxo precursors 
([MOh(OH)N-h]
(N+h-z)-), even they are neutral ( 0N h z   ), condensations via oxolation 
may still be limited. This is due to the loss of the nucleophilic strength of hydroxo ligands 
during the condensation process.  
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5. Dip Coating Processing 
Dip coating is used for the LbL self-assembly and the sol-gel film synthesis. 
Films form during the withdrawal step. Figure 9 schematically illustrates a dip coating 
process for a sol-gel film deposition. When a substrate is withdrawn from a liquid bath, a 
film of liquid is hydrodynamically entrained and moves upward. At the stagnation point 
( S ), the position where a balance among the viscous drag, the liquid-vapor surface 
tension ( LV ), and the gravity force is achieved, the upward moving liquid splits, as 
shown in Figure 9. The thickness of the entrained solution (the inner layer) can be 
calculated by the Landau-Levich-Derjaguin equation 85:  
 2/3 1/6 1/2
0 00.94( ) / ( )LVh U g  
(6),
where   is the viscosity, 0U is the withdrawal speed,  and   is the solution density. The 
entrained solution thins along the withdrawal direction, and the profile of this liquid film 
is affected by evaporation. For a planar substrate, the evaporation rate is  
   1/2vE x D ax   (7) 
86, 
where vD  is the diffusion coefficient of the vapor, a  is a constant, and x  is the distance 
from the drying point (“ 0x  ” in Figure 9). Accordingly, the liquid film has a parabolic 
shape 86 
   1/2h x x  (8),
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and it has a wedge shape if evaporation rate is a constant. Close to the drying point, the 
capillary pressure (  2 cos /c LV PP r   ) is large as interfacial curvatures are 
significant, drying the liquid film to a gel. 
 






SYNTHESIS OF OXIDE FILMS 
 
1. Introduction  
Synthesis of oxide films by aqueous solutions is a cost-effective alternative 
technique to physical or chemical vapor phase deposition methods 87, 88. These solution-
based film deposition techniques are low-temperature processes, and they only require 
simple equipment 87, 88. Four solution-based film deposition methods, chemical bath 
deposition, liquid phase deposition, electroless deposition with catalyst, and successive 
ionic layer adsorption and reaction (SILAR) 87, 88, are commonly used.   
Nicolau et al. 89 developed the SILAR process in the middle 1980’s as a liquid-
phase counterpart to the gas-phase atomic layer epitaxy/deposition (ALE/ALD). The 
conventional SILAR process is schematically depicted in Figure 10. In this method, each 
deposition cycle consists of four steps. First, a substrate is immersed into a cationic 
solution, where metal cations are adsorbed. Second, the substrate is rinsed in a solvent 
(usually deionized water) to remove loosely adsorbed cations. Third, the substrate is 
immersed into an anionic solution where a monolayer of desired materials will form from 
a reaction. Fourth, the substrate is rinsed again to remove extra anions. These four steps 
are repeated to grow films layer by layer. This deposition process can be easily controlled 
by a computer. 
The SILAR technique has been used to synthesize sulfide films (e.g., CdS, ZnS, 
CuS, In2S3, PbS, Ag2S, MoS2, Ni2S, As2S3), selenide films (e.g., Bi2Se3) and oxide films 
(e.g., ZnO, CeO2) 
90. Notably, this technique has been used for making ultrathin (e.g., 1-
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10 nm) gate dielectric oxide films 91, 92 and combined with a hydrothermal annealing 
process for low-temperature synthesis of nanocrystalline oxide films 93. The conventional 
SILAR shows low growth rate (87, 88. To obtain submicron-meter-thick films, thousands 
of dipping cycles are required, which will impose great challenges in controlling the film 
uniformity and defect formation. Various modifications of the SILAR method have been 
reported to increase the deposition rates. For example, Mitra et al. prepared ZnO films 
with a non-rinsing procedure, and they achieved a film growth rate of 25 nm per cycle. 
Gao et al. applied the ultrasonic rinsing to prepare ZnO films and obtained film growth 
rate of ~ 4 nm per cycle 90.  
 
Figure 10. Schematics of a common SILAR dip coating procedure. 
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In a recent MS thesis research project completed in our group, Arcot developed a 
modified SILAR method to increase the growth rates of oxide films 90.  In his procedure, 
rinsing steps are omitted. Arcot have showed that this method is promising for making 
thicker and uniform oxide films. For example, Y2O3 (10%) doped ZrO2 films were 
prepared with a growth rate of ~ 8.8 nm/cycle. We refer this as Method A.  
In this dissertation research, we further investigated two methods to synthesize 
zirconia (ZrO2) films, in order to find the most appropriate method to deposit the ZrO2 
films in ZrO2-clay multilayers. One is a modification of the common SILAR method, 
where only one rinsing step is applied (after immersion in the anionic precursor solution). 
This method is referred as Method B. The other is a sol-gel dip coating method, which is 
referred as Method C. Our study showed that Method C achieved the best results, and it 
was therefore integrated into the optimized procedures to make ZrO2-clay multilayers as 
described in Chapter 5. 
We also investigated methods to synthesize ceria (CeO2) films and obtained fair 
results. Results are reported in Appendix A, and this part of work is not described in great 




Silicon substrates were cleaned by an alkali cleaning procedure. They were etched 
in a 0.1 M NaOH solution for 20 minutes, neutralized in a 1 M HCl solution for 5 
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minutes, ultrasonically cleaned in distilled water for 20 minutes, and dried in air for 
around 20 minutes.  
A computer controlled NIMA DC-multi dip coater with an 8-beaker carousel was 
used to synthesize oxide films. In our modified SILAR method (Method B), the substrate 
was alternatively immersed into a cationic solution (0.1 M Zirconium chloride), an 
anionic solution (1N NH4OH), and deionized water. Zirconium chloride solutions were 
prepared by dissolving 2.416 g zirconyl (IV) chloride octahydrate ( 2 28ZrOCl H O ) in 75 
ml deionized water. The dipping speeds (up or down; 1 to 60 mm/min), holding times (in 
solutions and air), immersing and withdrawing positions (10-65mm), and number of 
cycles are the control parameters.  
In the sol-gel dip coating (Method C), substrates were dipped in a 0.3 M 
zirconium acetate solution and deionized water repeatedly. Zirconium acetate solutions 
were prepared by dissolving 5 g zirconium acetate hydroxide 
(     , 4x yZr OH OAc x y  ) in 75 ml deionized water. Dip coating parameters were: 
dipping speed (up or down) = 20 mm per minute, holding time (in solutions and air) = 45 
seconds, and deposition cycles = 10-30. The dipping process was also conducted via 
using the NIMA DC-multi dip coater.  
The as-deposited amorphous and hydrated films were thermally annealed to 
obtain pure oxide films. The morphology, composition and crystalline of oxide films 
were characterized by field-emission scanning electron microscopy (FE-SEM), in 
conjunction with an energy dispersive X-ray (EDX) analyzer, and X-ray diffraction 
(XRD).   
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3. Results and Discussions 
Figure 11 (a) shows a representative cross-sectional image of a ZrO2 film 
prepared using Method B with the following parameters: dipping speed = 20 mm per 
minute, holding time = 10 seconds, annealing temperature = 600 C, annealing time = 2 
hours, and deposition cycles = 10. This ZrO2 film was ~ 50-nm thick. Correspondingly, 
the growth rate was calculated to be 5 nm per cycle. The film uniformity and growth rate 
did not change significantly when the dipping speed was decreased from 20 to 10 mm per 
minute (Figure 11 (b)) or when the holding time was changed from 10 to 45 seconds.  
 
Figure 11. The cross-sectional SEM images of zirconia films made using Method B 
(with one rinsing step) and following parameters: dipping speed = (a) 20 mm/min or (b) 
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10 mm/min, holding time = 10 sec, and number of deposition cycles = 10. As a 
comparison, a cross-sectional SEM image made using Method A (without rinsing steps; 
20 mm/min dipping speed; 10 sec holding; 20 deposition cycles) is shown in (c). All 
specimens were annealed at 600 C for 2 hours. 
 
We compared the zirconia films synthesized by Method B (Figure 11 (a) and (b)) 
with those synthesized by Method A (i.e., Acrot’s method with no rinsing steps 90, 
(Figure 11 (c)). Method B (our modified method with one rinsing per deposition cycle) 
did not achieve better results than Method A; the film quality appears to be similar in 
cross-sectional SEM images. Furthermore, annealed zirconia films made by Method B 
showed submicron-meter-scale pores and cracks from the in-plane views (Figure 12(a)). 
Small pores (with diameters of ~ 50 nm) were also found in as-deposited films made by 
Method B (Figure 12(b)), and it is likely that they grew during annealing. Thus, Method 
B is not ideal. 
 
Figure 12. In-plane views of (a) our annealed and (b) as-deposited zirconia films made 




Figure 13. (a) Cross-sectional and (b) in-plane views of a representative as-deposited 
zirconia film made by a sol-gel dip coating method (Method C; 30 deposition cycles). (c) 




Furthermore, we prepared as-deposited zirconia films using a sol-gel dip coating 
method (Method C) described above. The deposited films were uniform and pore-free, as 
shown by both cross-sectional and in-plane SEM images in Figure 13. The film grew 
linearly. The estimated growth rate was about ~ 1.6 nm per cycle, as shown in Figure 13 
(c). The value is similar to the reported size of zirconium polycations (~ 2 nm 94). This 
result suggested that about one monolayer of zirconia polycations was deposited on the 
substrate per deposition cycle. This monolayer growth rate is similar to a typical SILAR 
process. This recipe for the preparation of zirconia films was incorporated into our 
optimized method for synthesis of ZrO2-clay multilayers in Chapter 5, and the results 
reported in Chapter 5 further showed that the growth rate was significantly increased 
when we deposited the sol-gel films on the surfaces of clays. 
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CHAPTER FOUR 
A FEASIBILITY STUDY OF SYNTHESIS OF NANOCLAY-ZIRCONIA 
MULTILAYERS 
 
Adapted from:  
H. Chen, G. Zhang, K. Richardson, and J. Luo 
 “Synthesis of Nanostructured Nanoclay-Zirconia Multilayers: a Feasibility Study” 
Journal of Nanomaterials, 2008, 749508 (2008) 
 
1. Introduction 
The last decade has seen tremendous developments in the “wet” colloid chemical 
synthesis of nanosized or nanostructured materials, which was inspired by 
“biomineralization and hierarchically organized self-assembly” 15. This wet synthesis 
technique utilizes alternating layer-by-layer deposition process, which is enhanced by 
electrostatic assembling or surface mediated adsorption and reaction. It has several major 
advantages, such as relative ease of preparation, low cost, and high versatility. Through 
this technique, a variety of nanostructured materials with much improved properties or 
enhanced functionalities have been developed, including inorganic95, 96 or hybrid organic-
inorganic 10 films. In particular, inspired by the special mortar-brick micro/nano structure 
of nacre and its superior mechanical properties, hybrid multilayers consisting of 
alternating organic polymer and inorganic nanoclay layers have been made by a layer-by-
layer (LBL) deposition/assembly method9, 97.  This method was modified from a more 
general method for making polyelectrolyte multilayers where substrates are alternately 
dipped into polycation and polyanion solutions to form polyelectrolyte thin films17.   
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A key underlying mechanism in the wet chemical construction of nanomaterials is 
the solution-based self-assembly aided by electrostatic attraction force between 
oppositely charged components (e.g., ions, polyions).  The use of platy shaped clay 
nanoplatelets with intrinsic, permanent negative surface charges in constructing 
nanostructured multilayers is an innovation to extend the capabilities of the conventional 
ion/polyion aided self-assembly techniques.  To date, hybrid inorganic clay and organic 
polymer (including biopolymer and protein) nanostructured multilayers have been 
developed 37, but progress in making inorganic nanoclay-based nanocomposites or 
multilayers has not been reported. Due to the inherent thermal and chemical instability of 
organic polymers, hybrid organic and inorganic multilayers have limitations in many 
specialized applications, such as high-temperature environments. Therefore, we 
conducted the research to develop inorganic oxide-clay nanostructured multilayers. 
 
Figure 14. A targeted multilayer structure to synthesize in this study using a new LBL 
assembling technique via making use of the intrinsic negative surface changes and unique 
party shape of nanoclays. In principle, the thickness and chemical composition of each 
nanometer-thick oxide layer can be tuned individually, offering versatility in engineering 
these nanostructured films with a wide range of potential applications to be explored in 
future studies.   
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This chapter describes our first feasibility study of making hydrated inorganic 
oxide-clay nanostructured multilayers. The goal of this study is to develop a purely 
inorganic, perfectly nanostructured nanoclay-oxide multilayers (Figure 14).   
 
2. Experimental  
2.1 Materials 
Epi-polished silicon wafers with thermally oxidized surface layers (Si/SiO2) were 
purchased and cut into pieces of 12 cm2 to be used as substrate.  The Si/SiO2 wafers 
were ultrasonically cleaned in 0.1 M NaOH solution for 20 minutes, immersed into 
piranha solution (3 vol. of 95-98 wt. % H2SO4 : 1 vol. of 30 wt. % H2O2) for 20 minutes, 
rinsed with deionized water 4 times and dried in air.  A Na-montmorillonite (MMT) clay 
(Cloisite® Na+) was purchased from Southern Clay Products (Gonzales, TX).  The 0.15 
wt. % clay solution (pH = 7.24) was prepared by stirring clays with magnet in deionized 
water at 1000 rpm speed for 20 minutes and then ultrasonicated for 20 minutes to achieve 
complete dispersion and exfoliation.  All other chemicals were purchased from Sigma 
(Sigma-Aldrich, St. Louis, MO). Two different zirconium cationic precursor solutions 
were examined, including 0.1 M zirconium chloride (pH = 1.32) prepared from 
zirconium (IV) oxychloride octahydrate and zirconium acetate ( pH = 4.14) prepared 
from zirconium (IV) acetate hydroxide. Sodium poly(styrenesulfonate) (PSS) and 
poly(ethyleneimine) (PEI) were dissolved in deionized water at concentrations of 1.5 
mg/ml.  
 39
2.2 Wet chemical synthesis and annealing 
Two steps were involved in the synthesis of the oxide-clay multilayers: (1) wet 
chemical construction of multilayer precursors, and (2) dehydration and thermal 
annealing at elevated temperatures.   This preliminary study particularly focused on 
demonstrating the feasibility of the first step which is more critical for developing the 
targeted clay-oxide multilayers. Thus the dehydration and thermal annealing conditions 
were pre-selected as a rule of thumb to be 600C in air for 2 hours under 1 atmospheric 
pressure, since most montmorillonites can keep its crystal structure (i.e., no 
dehydroxylation) at temperatures of 600-650oC.  However, the control parameters of 
thermal annealing or hydrothermal treatment (i.e., the second step of synthesis) will be 
optimized in future study.  
A computer-controlled programmable Nima dip coater (Nima Technology Ltd., 
Coventry, England) was used to synthesis nanostructured multilayers. To verify the layer-
by-layer deposition method, nanoclay-polymer films were prepared following the recipe 
in Lvov’s work36. The Si/SiO2 substrates were pretreated by dipping into PSS, PEI, and 
PSS solutions each for 20 minutes. The pretreated substrates were then dipped into a clay 
solution for 20 minutes, rinsing with water for 2 minutes, dipping into a PEI solution for 
20 minutes, and rinsing again with water for 2 minutes to complete one complete 
deposition cycle.  This four-step deposition cycle was repeated 8 times to make nanoclay-
polymer multilayers [(PEI/PSS/PEI)-(MMT/PEI)8]. Both the dipping and the 
withdrawing speeds were controlled at 20 mm per minute. 
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  To prepare nanoclay-oxide multilayers, the pre-cleaned silicon substrates were 
dipped into a zirconium cationic precursor solution (zirconium chloride or zirconium 
acetate) and the exfoliated nanoclay suspension alternately without inter-dipping rinsing.  
The deposition cycle was repeated 15 to 30 times to prepare the as-deposited multilayers.  
Both the dipping and withdrawing speeds were controlled at 20 mm per minute. The 
holding time was kept 45 seconds in air, the zirconium cationic precursor solution, and 
clay suspension.  The as-deposited films were annealed isothermally to 600oC for 2 hours 
at constant heating and cooling rates of 5C per minute.  
 
2.3 Characterization 
Both as-deposited (i.e., air-dried specimens) and annealed films were 
characterized by a field-emission scanning electron microscope (FE-SEM, Hitachi 
S4800) equipped with energy dispersive X-ray spectroscopy (EDXS) analyzer.  SEM 
specimens were coated with Pt/Au for increased conductivity. In addition, a variable-
pressure SEM (Hitachi, S3500) was employed to examine specimens without coatings.  
Both in-plane and cross-sectional images were taken. Cross-sectional specimens were 
made by carefully cleaving Si wafers, while protecting the surface of films with soft filter 
papers.  Film thickness was measured on multiple points on specimens using cross-
sectional SEM images. EDXS was performed directly on the selected spots of the films to 
analyze both qualitatively and quantitatively the elemental composition of the 
multilayers. 
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X-ray diffraction (XRD) using a Scintag diffractometer (Cu-K radiation,  = 
1.5418 Å, operating at 40 kV and 35 A) was carried out on both as-deposited films and 
annealed specimens. In addition, the bare Si/SiO2 substrate was also scanned by XRD to 
examine any potential influence of the substrate on the observed diffraction patterns of 
the ultrathin multilayers.  
 
3. Results and Discussion 
3.1 Clay-polymer multilayers 
The surface and cross-sectional SEM images of the as-deposited nanoclay-
polymer [(PEI/PSS/PEI)-(MMT/PEI)8] multilayers are shown in Figure 15.  Some 
unevenly-piled MMT platelets can be seen in Figure 15a.  The cross-sectional SEM 
image (Figure 15b) shows layered nacre-like structure similar to that observed in the 
films developed by Tang et al.9.  The measured thickness is 40 ± 9 nm, including 10 nm 
thick precursor polymer film36. Thus the thickness of a single MMT/PEI layer formed 
through a complete deposition cycle is approximately ~ 3.75 nm, which is consistent with 
the previously reported value of 3.3 nm per deposition cycle36.  It was postulated that the 
highly-branched polycation PEI works as ‘electrostatic glue’ 36 to assemble clay platelets.  
In conclusion, polymer-nanoclay multilayers were reproduced in our laboratory with 
similar nanostructure.  This verified our equipment and procedures and enabled further 
exploration of synthesizing the new nanoclay-oxide multilayers.     
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Figure 15. Surface (a) and cross-sectional (b) images of as-deposited nanoclay-polymer 
[(PEI/PSS/PEI)-(nanoclay/PEI)8] films. 
 
3.2. Clay-zirconia multilayers 
The SEM images of as-deposited multilayer films prepared by zirconium chloride 
and zirconium acetate cationic precursor solutions are shown in Figure 16 and Figure 17, 
respectively. The as-deposited films were dried in air, thus either nanoclays or hydrated 
zirconium cations are not completely dehydrated.  Both films appear to be reasonably 
uniform and crack-free. Furthermore, they both exhibit clear layered structures in cross-
sectional SEM images (Figure 16 (b) and Figure 17(b)).  
 43
 
Figure 16. (a) Surface and (b) cross-sectional SEM images of as-deposited hydrated 
nanoclay-zirconia multilayers made via zirconium chloride cationic solution. 
 
Evidently, the films made by zirconium acetate cationic precursor solutions have 
significantly smoother surface and more regular (parallel) layered structures (Figure 16 
vs. Figure 17).  The clay nanoplatelets are better oriented in the films prepared by 
zirconium acetate cationic solutions than those prepared by zirconium chloride precursor 
solutions.  Peel-up edges and overlapping of clay platelets are frequently seen in the 
zirconium chloride prepared films (Figure 16a).  For films prepared by zirconium 
chloride precursor solutions, the layered structures are less close-packed with occasional 
open voids (Figure 16b).  The nanoclay/hydroxide multilayers prepared using zirconium 
acetate precursor solutions (Figure 17) also appear to have lower surface roughness than 
those polymer-nanoclay multilayers prepared in this (Figure 15) and prior 36 studies.  
Based on these results, zirconium acetate cationic precursor solutions are used 
exclusively to make multilayers in further studies. 
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Figure 17.  (a) Surface and (b) cross-sectional SEM images of as-deposited hydrated 
nanoclay-zirconia multilayers made by zirconium acetate cationic solutions. 
 
Surface and cross-sectional SEM images of annealed films are shown in Figure 
18.  The annealed films appear to be denser and more uniform while some indications of 
layering structures can still be seen in the cross-sectional SEM images (Figure 18 (a) and 
5(b)).  It should be noted that the observed cross-sectional surfaces were influenced by 
the actual (somewhat random) cleaving process and hence the layered structure is not 
always clearly visible. The surfaces of annealed films (Figure 18 (c)) are also smoother 
than those of as-deposited films (Figure 17 (a)); yet, some nanoclay platelets can still be 
seen (Figure 18 (c)).  
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Figure 18. (a) and (b) cross-sectional and (c) surface SEM images of annealed nanoclay-
zirconia films made by  zirconium acetate precursor solutions (using 25 deposition 
cycles). 
 
EDXS analysis of as-deposited and annealed films found Al, Si, Zr but no other 
metal impurities.  A representative EDXS spectrum is shown in Figure 19.  Quantitative 
elemental analysis was attempted with results shown in Table 5.  We believe that the 
excess amounts of Si and O measured by EDXS are from the Si/SiO2 substrates.  Since 
the films are very thin (~ 100 nm) and the interaction distance for an electron beam in a 
non-metallic material is usually about 1 m, the beam must be smeared.  Although the 
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quantitative compositional measurements are probably not accurate due to the beam 
spreading effect, it can be concluded that these films consist of oxides (or hydroxides) of 
Al, Si and Zr without significant impurities of other elements.  
 
Figure 19. A representative EDXS spectrum for an annealed film.   
 
Table 5.  EDXS compositional analysis.  Each data point is an average of three 
measurements.  The measured excess amounts of Si and O are from Si/SiO2 substrates 
(artifacts) due to spread of electron beams and do not represent actual film composition.  
 
Element Atomic % 
 As-deposited Annealed 
O  61.7 35.3 
Al  3.6 1.2 
Si  30.6 59.9 
Zr  4 3.6 
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XRD patterns of as-deposited and annealed multilayers are shown in Figure 20, in 
which d-spacings are labeled for all peaks.   As-deposited films appear to be largely 
amorphous, but a series of low angle peaks were observed.  The 1.2 nm peak should 
result from hydrated clays. The presence of this peak indicates that some multiple layers 
of clay nanoplatelets are absorbed in dipping (unflavored).  The 5.7 nm peak represents 
the periodic thickness formed by each deposition cycle for the multilayers without 
annealing.  The origin of the 2.3 nm peak is currently unclear and worth further 
investigation. It is noteworthy that the 1.2 nm peak is the sharpest of all peaks (Figure 20 
(a)). Given the low crystallinity of clay minerals, all other broad peaks suggest that the 
as-deposited multilayers possess much less ordered atomic structure or crystallinity, 
which should be expected. Nevertheless, a good layered nanostructure is clearly present 
in the as-deposited film with a periodic thickness of ~ 5.7 nm (Figure 20), indicating the 
success of the LBL deposition.   
For annealed specimens (Figure 20 (b)), only two peaks are observed.  A broad, 
weak peak at 1.6 nm is probably caused by the (002) reflection of the periodic thickness 
of 3.2 nm (see §3.3).  The shape of the peak also indicates that the periodicity of the 
layers is not perfect, which is probably caused by the crystallization process during 
annealing.  The low angle scan did not find the (001) reflection at 3.2 nm, and the reason 
is unclear at present.  The second peak at d = 0.3 nm matches ZrO2 (111) reflection, 
indicating the formation of nanocrystalline ZrO2.  The mean grain size of the 
nanocrystalline ZrO2 was estimated to be ~ 9.7 nm based on the peak width. Given that 
periodic thickness in the annealed film is approximately 3.2 nm (See §3.3), the ZrO2 
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crystallite size of 9.7 nm indicates that the growth of nanocrystals may start to beak the 
parallel multilayer structure (by colliding into nanoclay platelets which should act as 
barrier between two adjacent of oxide layers), which is consistent with weak/absence of 
low-angle reflections from the annealed multilayer structures.  Nonetheless, the existence 
of some layered structures is evident by cross-sectional SEM (Figure 18 (b) and (c)), but 
the layered structures are probably less regular, presumably due to the growth of ZrO2 
nano crystals.  It is noted that a bump due to Si/SiO2 substrates were sometimes observed 
around 30 (the intensity of which varies with the specific experimental conditions) 98, 
99and this is also seen in the XRD pattern of the as-deposited specimen (with lower 
intensity, although these two measurements were made with the exactly the same 
conditions).  Thus, we cannot exclude the possibility that this peak is an artifact from the 
substrate.   
It is generally expected that montmorillonites are chemically stable for annealing 
at 600 C100.  More annealing experiments will be conducted to investigate how 
nanoclays react with Zr complexes during high temperatures, which will help form high 
temperature endurable nanoclay-oxide multilayers.   
It is worth emphasizing that the annealed films still remained certain layered 
structure after cutting and no significant cracking or delaminating was observed (Figure 
18), in spite of up to 50% linear shrinkage occurred during annealing, as discussed later 
(§3.4).   
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Figure 20. XRD patterns of (a) annealed and (b) as-deposited films (20 layers) made by 
zirconium acetate cationic solutions.  The two XRD experiments are carried out with the 
same conditions (scan rate and slit size) and the patterns are shown in the same intensity 
scale.  The insets are additional scans at low angles with a smaller slit (shown in different 
intensity scales). 
 
3.3 Film growth rate through LBL deposition 
The thickness versus number of deposition cycles of as-deposited and annealed 
films prepared by zirconium acetate cationic precursor solutions are shown in Figure 21 
(a) and (b), respectively.  As-deposited multilayers are expected to exhibit low cohesion 
between layers, part of the multilayers may fall off during fracture; we suspect that this is 
responsible for the measured abnormal (lower) thickness values for the three data in 
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Figure 21(a) (represented by open circles).  If these data are excluded, the measured film 
thickness for both as-deposited and annealed films increase monotonically with the 
number of the cycles.  The growth rates of as-deposited and annealed specimens are ~ 6.8 
nm per cycle and ~ 3.2 nm per cycle, respectively.  In other words, linear shrinkage in 
film thickness is ~ 50% upon annealing at 600C for 2 hours, which is about the same as 
previously observed for pure ZrO2 films
98, 99.  This shrinkage also indicates dehydration 
and sintering have occurred during annealing.  The multilayer period was measured as ~ 
5.7 nm by XRD (Figure 20; §3.3), which should be more accurate than the SEM 
measurement; the agreement between XRD and SEM measurements (5.7 nm vs. 6.8 nm) 
is rather satisfactory, given the difficulties in obtaining accurate nanometer range 






Figure 21. Thickness versus number of deposition cycles for as-deposited (a) and 
annealed (b) films made by zirconium acetate precursor solutions.  In (a), it is assumed 
that open circles represent measurement artifacts (as-deposited films where the part of 
layered films peeled off during cleaving of the specimens).  Errors bars represent the data 
range. Lines represent the best linear fits.  
 
4. Conclusions 
A novel layer-by-layer deposition method has been developed for manufacturing 
nanoclay-zirconia multilayers by sequentially dipping a substrate in an exfoliated 
nanoclay suspension and a zirconia cationic precursor solution followed by annealing at 
600oC.  Nanoscale layer-by-layer growth is evident by the measured film growth rate per 
deposition cycle as well as direct observation in cross-sectional SEM and X-ray 
diffraction patterns.  It is found that zirconium acetate is a better cationic precursor 
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solution for growing more uniform films.  The growth rate of as-deposited specimens is ~ 
5.7 nm per cycle; the growth rate can be further tuned by changing the deposition 
parameters.  Denser dehydrated films form after annealing at 600C for two hours in air 
and film thickness shrinks by ~ 50%; yet, the annealed films remain uniform and crack-
free, and exhibit some nanoscale layering (although less clearly observable under SEM).  
In summary, the feasibility of the new LBL deposition technique has been clearly 
demonstrated, but the post-deposition dehydration and annealing should be further 
optimized. 
 
5. Issues and Further Studies 
While the above preliminary results are promising, the combined XRD, SEM and 
EDXS characterization indicates that the multilayers made in this study are not yet 
perfect (with deviations from the targeted nanostructure shown in Figure 14).  First, the 
1.2 nm peak in XRD patterns (Figure 20 (b)) indicates that nanoclays are not completely 
exfoliated into single 2:1 layers and multiple layers of clay nanoplatelets are deposited 
within the films. This can be further improved by fine tuning the clay suspension 
chemistry and dipping process.  Second, while as-deposited films exhibit fairly good 
layered structure, the thermally annealed films appear to possess relatively poor 
periodicity, as evident by both SEM and XRD.  Annealing at 600C for 2 hours in air was 
the only dehydration process that has been tested so far (since this study focused more on 
the feasibility of the LBL deposition).  Further optimization of the annealing procedure 
will be conducted to identify an optimal conditions based on a trade-off between 
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dehydration and the structure integrity.  Hydrothermal annealing 93 may be an alternative 
method to dehydrate/crystallize the oxides while maintaining the stability of clays and 
multilayered structure.   
Nonetheless, this study has clearly demonstrated the basic feasibility of this new 
LBL technique for making this new class of nanostructured nanoclay-oxide multilayers 
and further research should be conducted to tune thickness and composition of each 
individual oxide layers (including materials other than ZrO2) by changing the deposition 
parameters and precursor solutions, which will offer tremendous versatility for making a 
















GROWTH MECHANISMS OF NANOCLAY-ZIRCONIA MULTILAYERS 
 
Adapted from:  
H. Chen, G. Zhang, Z. Wei, M. Cooke, and J. Luo 
 “Layer-by-Layer Assembly of Sol-Gel Oxide “Glued” Montmorillonite-Zirconia 
Multilayers” 




The previous chapter describes a preliminary study that proved the basic 
feasibility of synthesis of a new type of all-inorganic {MMTx-(sol-gel ZrO2)}n 
multilayers by combining the LbL electrostatic assembly technique with a surface sol-gel 
method 98, 99. A Processing optimization study has then been conducted to achieve much 
improved layered structures and to demonstrate the capability to finely tune the periodic, 
nanoscale layer thickness. The details of this optimization study are documented in 
Appendix B. 
This chapter describes and discusses a systematical study of the film growth 
kinetics controlling the sol-gel ZrO2 layer deposition on the MMT surfaces, which 
elucidates the important role of electrostatic attraction in film growth. Specific findings 
include:  
1) the growth rates of the sol-gel ZrO2 layers are significantly enhanced on the MMT 
surface;  
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2) the intermediate-stage growth rates of the sol-gel ZrO2 layers on the MMT surface 
are greater than those estimated by either mass transfer or interfacial reaction 
controlled kinetic models; and  
3) the growth of sol-gel ZrO2 layers on the MMT surface is self-limited to a 
maximum thickness.  
These observations are attributed to the surface controlled sol-gel growth that is likely 
influenced or controlled by electrostatic attractions.  
Although the mechanisms of the electrostatic assembly are important and have 
been extensively investigated 4, 15-23, 37, 101-103, quantitative studies are generally difficult.  
This is largely caused by the use of polyelectrolytes in the synthesis of those LbL films, 
which results in so-called “fuzzy multilayers” 101. Thus, this study of the film growth 
kinetics, via synthesizing the {MMTx-(sol-gel ZrO2)}n multilayers, provides a different 
perspective to the quantitative understanding of the film growth kinetics. The findings 
improve our understanding of the LbL assembly process in its general sense.   
 The results reported in this chapter have paved the way towards the further 
development of generic LbL methods to synthesize new, all-inorganic {nanosheet-(sol-
gel oxide)}n and {nanoparticle-(sol-gel oxide)}n multilayers with potential applications 
such as high-temperature gas membranes and sensors, among others.  Specifically, the 
LbL assembly of nanostructured multilayers using sol-gel oxides, instead of 
polyelectrolytes, as “glues” in the structure, represents an innovative concept of 
nanoscale fabrication.     
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2. Experimental 
Surface polished p-type single-crystal silicon wafers (MEMC Electronic 
Materials, Inc., St. Peters, MO) were used as substrates for LbL deposition. The wafer 
surface has a layer of thermally oxidized SiO2 of 100 nm in thickness, which serves as an 
inert diffusion barrier. A sodium montmorillonite (MMT) clay, Cloisite® Na+, with a 
cation exchange capacity of 92 meq per 100 g was purchased from Southern Clay 
Products, Inc. (Gonzales, TX). A zirconium (IV) acetate hydroxide ((CH3COO)xZr(OH)y, 
x + y = 4; 40 wt.% zirconium or x  1.5) powder was purchased from Sigma-Aldrich, Inc. 
(St. Louis, MO). The MMT and zirconium acetate hydroxide were the two major 
constituents used for multilayer synthesis. 
Small pieces of silicon wafers (with an approximate size of 1  2 cm2) were  
ultrasonically cleaned in 0.1 M NaOH solutions for 20 minutes, immersed into piranha 
solutions (3 vol. of 95-98 wt.% H2SO4 : 1 vol. of 30 wt.% H2O2) for 20 minutes, then 
rinsed with deionized water four times and dried in air. Different from our prior 
preliminary work, 104 this study adopted an improved method to prepare nominally 0.5 
wt.% exfoliated clay suspensions by following the recipe of Podsiadlo et al. 10, in which 
the sodium MMT suspensions were first vigorously stirred for a week and then settled for 
24 hours (to allow the coarser particles and impurities to settle) before supernatants were 
collected for subsequent LbL assembly.  (The systematic investigations of cleaning 
procedures and exfoliation methods were reported in Appendix B.) This adoption for 
better exfoliated clay suspensions, along with the optimization of the sol-gel recipes and 
dipping processes, significantly improved the ordering of the layered structure and the 
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integrity of the resultant {MMTx-(sol-gel ZrO2)}n multilayers. Aqueous sol-gel ZrO2 
precursors were prepared by dissolving zirconium acetate hydroxide into deionized water 
along with 20 minutes ultrasonication. Then, the sol-gel ZrO2 precursor (which is 
interchangeably referred as “zirconium acetate hydroxide solution”, although the 
precursor is likely an aqueous polymeric “sol”) and the exfoliated MMT suspension were 
used for subsequent LbL electrostatic assembly. 
A computer-controlled programmable dip coater (Nima Technology Ltd., 
Coventry, UK) was used to perform the LbL deposition. After an extensive parametric 
study, we selected an optimized synthesis protocol, which consists of four dipping steps: 
a pre-cleaned substrate was dipped into a precursor solution, a MMT suspension, and 
then deionized water twice. These four steps make up one deposition cycle. Most 
specimens were prepared with 30 deposition cycles, resulting in {MMT-(sol-gel ZrO2)}30 
multilayers. The substrate dipping and withdrawing speeds were kept at a fixed value of 
20 mm per minute. The substrate was allowed to hold in air stagnatically between two 
adjacent dipping in the precursor solution and MMT suspension. This holding time was 
usually 45 seconds in air. Holding was also used in the precursor solution, MMT 
suspension, and deionized water. Holding durations of 45 seconds and 1 minute in the 
MMT suspension and water, respectively, were adopted, but the holding time in the 
precursor solution was varied from 0 to 10 minutes.  Additionally, the precursor 
concentration varied from 0.03 to 0.4 M. For brevity, specimens were usually referred 
according to the precursor concentration and holding time in zirconium acetate hydroxide 
solution; other dipping parameters were usually kept unchanged (unless otherwise 
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specified) in this study. After completing the desired deposition cycles, all specimens 
were air dried and then characterized using the methods described below. Selected 
specimens were further annealed isothermally to preset temperatures (ranging from 200 
to 600 C) for 2 hours in air with a box furnace, using constant heating and cooling rates 
of 5 C per minute. 
The effect of precursor solution aging on the growth of sol-gel ZrO2 layers was 
also examined. Fresh zirconium acetate hydroxide solutions with a concentration of 0.15 
M were selected for ageing, with durations varying from 0 and 21 hours at 60 °C. Aged 
precursor solutions were then used for LbL assembly of multilayers by following the 
procedures described above. 
Freestanding multilayers were prepared by adopting the procedure used by 
Mamedov and Kotov for making polyelectrolyte-nanoclay multilayers 105. It involves a 
one-time extra step where the pre-cleaned substrate was first dipped into a 7.5 wt. % 
cellulose acetate solution, before the subsequent dips in other solutions and suspensions. 
To obtain freestanding films, the air-dried specimens were immersed in acetone to 
dissolve the cellulose acetate layer, allowing the separation between the desired 
multilayer and the substrate. As such, freestanding multilayers were obtained. 
As-deposited (i.e., air-dried) and annealed multilayers were characterized by a 
field-emission scanning electron microscope (FE-SEM, Hitachi S4800). To examine the 
layered structure and measure the film thickness, cross-sectional surfaces of the 
specimens were obtained by cleaving the single crystal silicon substrates along the [100] 
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direction. Examined surfaces were all platinum-coated by a Hummer 6.2 sputtering 
system (Anatech, Union City, CA). Film thickness was measured at multiple locations 
and then averaged over at least five measurements. All thickness measurements were 
made in the specimens’ central, horizontal cross-section surface, so that valid 
comparisons can be made to probe the growth kinetics of the sol-gel layers and the 
multilayer films. The error bars of thickness in all figures represent ±1.0 standard 
deviation of these multiple measurements. The specimens were also characterized by X-
ray diffraction (XRD), using a Scintag XDS 2000 diffractometer (Cupertino, CA) with a Cu-K 
radiation ( = 1.5418 Å) and Fourier transform infrared spectrometer (FTIR, Thermo-
Nicolet Magna 550, Madison, WI). The absorbance infrared spectra were obtained from 
400 to 4000 cm-1 with a resolution of 2 cm-1. 
The hardness and elastic modulus of the specimens were determined by 
nanoindentation experiments using an MTS Nano Indenter XP (MTS Nano Instruments, 
Inc., Oak Ridge, Tennessee), under both the regular and dynamic contact module (DCM) 
modes.  All indentation tests followed the ISO 14577 method (ISO, 2002) under the load 
control mode and used diamond Berkovich indenter tips. The well recognized Oliver and 
Pharr 106, 107 method was used to derive the hardness and Young’s modulus from each 
indentation.  To eliminate the effect of substrate, multiple indentations were made on 
each sample with varied maximum indentation loads. The Tuck et al. 108 and Wei et al. 109 
methods were adopted to extract the true hardness and elastic modulus of the thin films, 
respectively.  Further details on the nanoindentation testing can be found in Wei et al. 109. 
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3. Results and Discussion 





Figure 22. (a) The relationship between the multilayer thickness and number of 
deposition cycles for specimens prepared by using 0.15 M precursor solutions, 10 
minutes holding in the precursor, and other fixed parameters specified in the text. 
Representative cross-sectional and in-plane SEM images of the multilayers prepared by 
(b, e) 10, (c, f) 20, and (d, g) 30 deposition cycles, respectively.  
 
The characteristics of the {MMTx-(sol-gel ZrO2)}n multilayers with different 
deposition cycles were presented first. Figure 22(a) shows that a linear relationship exists 
between the film thickness and the number of deposition cycles for the multilayers 
prepared under a set of selected control parameters. After 30 deposition cycles, the 
thickness reaches ~1950 nm; yet the layered structure and linear relationship are well 
maintained (Figure 22). Under this particular synthesis condition (i.e., 10 minutes holding 
in a 0.15 M precursor solution, and other parameters specified above), the growth rate, 
defined as the thickness increment per deposition cycle, is calculated to be ~ 64 nm per 
deposition cycle. Representative cross-sectional and in-plane SEM images are shown in 
Figure 22(b-g). 
The much improved layered and periodic structure, film integrity, and linear 
growth behavior (as compared with those in our preliminary work 104) are clearly evident 
in Figure 22. These improvements are attributed to the use of better exfoliated MMT 
suspensions and a set of optimized dipping parameters, as described previously in the 
“Experimental” section. For example, in one set of the optimization experiments, after 
the holding time in air was varied from 45 seconds to 10 minutes, the thickness of a 
{MMT-(sol-gel ZrO2)}30 multilayer increased only slightly from ~ 1920 nm to ~ 1950 
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nm, and essentially identical layer structure were obtained (Figure 23). This demonstrates 
that a holding time of 45 seconds in air is long enough to dry the sol-gel ZrO2 layers 
before the next dip in the MMT suspension. As such, in this study, all specimens were 
held in air for a fixed time of 45 seconds between two consecutive dips. The following 
three parameters, the precursor concentration, holding time in the precursor solution, and 
aging time, are varied to probe the growth kinetics of sol-gel layers on MMT surfaces; 
other parameters are generally fixed after optimization. 
 
Figure 23. Cross-sectional SEM images of {MMT-(sol-gel ZrO2)}30 multilayer 
synthesized with holding time in air for 45 seconds and 10 minutes. 
 
The film thickness of all specimens is uniform along a horizontal direction, given 
that the dipping direction is vertical, as reflected by the small error bars in all plots.  On 
the other hand, thickness gradients exist along the vertical direction.  Such gradients are 
less than ~ 10% for specimens that were dipped into the precursor solution for 10 minutes 
(Figure 24). However, the thickness gradients along the vertical direction can become 
significant (Figure 24) when the holding time in the precursor is comparable with the 
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total time for both the dipping and withdrawing processes (i.e., ~ 1 minute each at the 
current moving speed of 2 cm per minute).  This is presumably due to the growth of sol-
gel layers during both the dipping and withdrawing processes in the precursor solution, in 
addition to stagnatic holding in the precursor solution. Because the lower part of the 
substrate has longer time of immersion than the upper part, a thickness gradient develops 
along the vertical direction. This effect can be beneficially used to make multilayers with 
controlled gradients of thickness, but this is beyond the scope of this study. 
 
Figure 24. Cross-sectional SEM images of {MMT-(sol-gel ZrO2)}30 multilayer for 
holding 10 minutes and 45 seconds in precursor solutions. Numbers in the bottom row 
represented sampling positions along the immersion direction, and were calculated 
dividing the total length of the corresponding multilayers. 
 
Free-standing films with planar dimensions greater than 0.5 cm were made via the 
sacrificial substrate technique described before. Representative SEM and optical images 
 64
of a freestanding film are shown in Figure 25. These images indicate that these 
multilayers exhibit good structural integrity. Although these multilayers were only air-
dried, the interfacial bonding between MMT clays and sol-gel ZrO2 layers is sufficiently 
strong to permit peeling of the film off the substrate. It is feasible to make larger 
freestanding multilayers.  
 
Figure 25. An SEM image of a piece of free-standing, air-dried {MMT-(sol-gel ZrO2)}30 
multilayer. Inset is an optical photograph of a large piece of freestanding multilayer.   
 
3.2. Growth of Non-Aged Sol-Gel Layers: Effect of Precursor Concentration 
In the first set of systematic experiments designed to investigate the mechanism of 
growing sol-gel ZrO2 layers on MMT surfaces, {MMT-(sol-gel ZrO2)}30 specimens were 
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synthesized using freshly prepared precursor solutions with varied concentrations of 
0.03-0.4 M and three specific holding times (i.e., 0, 45 seconds, and 10 minutes). The 
film thickness vs. the precursor concentration curves are shown in Figure 26 (a). The 
curve for a holding time of 45 seconds exhibits a characteristic S-shape. In this curve, the 
film thickness is almost constant (~ 15 nm per deposition cycle) at low precursor solution 
concentrations (≤0.06 M), but increases rapidly in the concentration range of 0.15-0.30 
M, and then finally reaches a saturation level of ~ 70 nm per deposition cycle. The cross-
sectional SEM images of selected specimens are shown in Figure 26 (c). Again, the 
layered structure is clearly observable. With zero holding time in the precursor solution, 
the film thickness increases only slightly with increasing the precursor concentration, 
indicating minor and slow deposition of the sol-gel layer during the dipping/withdrawing 
stage. For a longer holding time of 10 minutes, the film growth rate (per deposition cycle) 
approaches the saturation level quickly, and the multilayers are no longer uniform at the 
high zirconium concentrations (≥ 0.3 M) due to the gelatin of the precursor solution.  
In Figure 26 (b), the difference between the film thicknesses obtained by 45 
seconds and 0 holding times is plotted against the precursor solution concentration to 
estimate the net thickness of the sol-gel ZrO2 layer that grows during the 45 seconds 
stagnatic holding in the precursor solution. This curve, shown in Figure 26 (b), does not 
follow the classical mass transfer (diffusion) or interfacial reaction controlled kinetics 
model, which would both suggest a linear dependence of the sol-gel layer thickness on 










Figure 26. (a) The relationship between the film thickness and precursor solution 
concentration. The holding times in the precursor solutions are labeled. The dashed line 
and the symbol “X” indicate that the films become non-uniform at high concentrations 
with prolonged holding time due to the gelation of the solution. As a comparison, the two 
solid cycles represent the measured thickness for films made by dipping only in MMT 
suspension (labeled as “Only MMT”) or only in zirconium acetate hydroxide solution 
(near the origin point, labeled as “No MMT”, holding time = 45 seconds). (b) The 
relationship between the estimated net thickness for the sol-gel layers grown during 45-
second holdings in precursor solutions and the precursor solution concentration. (c) 
Representative cross-sectional SEM images. The precursor solution concentrations are 
labeled; holding time = 45 seconds. 
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3.3. Growth of Non-Aged Sol-Gel layers: Effect of Holding Time  
In the second set of systematic experiments designed to investigate the sol-gel 
layer growth kinetics, the thickness of the multilayers were analyzed as a function of the 
holding time (0-10 minutes) in the freshly prepared precursor solutions with two selected 
concentrations, 0.03 and 0.15 M. The results are shown in Figure 27 (a), while 
representative cross-sectional SEM images are shown in Figure 27 (c). For both 
concentrations, the growth of sol-gel layers again exhibits three characteristic regimes: an 
initial incubation regime with a slow growth speed (to reduce ambiguity, “growth speed” 
refers to the film thickness change per unit holding time, while “growth rate” is defined 
as the film thickness change per deposition cycle), an intermediate regime with a high 
growth speed, and a final saturation regime where the growth speed approaches zero. The 
maximum growth speeds in the intermediate regime are approximately 20-30 nm per 
minute of holding time for both curves. The saturation thickness is ~ 48 nm per 
deposition cycle for 0.03 M and ~ 55 nm per cycle for 0.15 M precursor solution. It is 
interesting to note that the saturation or self-limiting thickness increases only by ~ 12% 








Figure 27. (a) The multilayer thickness versus holding time for two different precursor 
solution concentrations (0.15 M and 0.03 M). (b) a double logarithmical plot of the 
estimated net thickness of sol-gel layer grown on the MMT surface per cycle versus 
holding time.  (c) Representative cross-sectional SEM images (0.15 M zirconium acetate 
hydroxide solutions; the holding times are labeled) 
 
With zero-holding time in the precursor solution, the multilayer film grows at a 
rate of ~ 8 nm per deposition cycle, which is about the same for both concentrations. This 
net thickness increment per deposition cycle results from the thickness of the MMT 
layers and the hydrodynamic adsorption of sol-gel ZrO2 during both the dipping and 
withdrawing processes. To the first order of approximation, this growth rate can be used 
as a reference value to estimate the net growth of sol-gel ZrO2 layers while holding the 
specimens in the precursor solutions. 
To directly analyze the growth kinetics in the 0.03 and 0.15 M solutions, the net 
thickness of the sol-gel ZrO2 layers, obtained by subtracting the reference value of ~ 8 
nm as discussed above, are re-plotted at a double logarithmic scale in Figure 27 (b). If the 
growth of a sol-gel ZrO2 layer on the MMT surfaces were considered as a precipitation 
(i.e., first-order phase transformation) process without electrostatic interactions, the 
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classical kinetic models would be applicable. In such cases, the deposition process would 
be controlled by either interfacial reaction rates or mass transfer (diffusion) rates 110. For 
the former, the sol-gel layer should grow linearly with time (t), i.e., the layer thickness is 
t .  (1) 
For the latter, the sol-gel layer should grow parabolically or the thickness is 
t .   (2) 
The above two equations can be represented by the two linear lines with slopes of 1 and 
½, respectively, in the double logarithmic plot, as indicated by the two dashed lines in 
Figure 27 (b).  However, the experimental data in Figure 27 (b) show that the growth 
speeds between 0.75 to 2 minutes exhibit slopes that are greater than those predicted by 
either interfacial reaction or mass transfer controlled kinetics. It suggests that the sol-gel 
layer growth in this regime is surface-controlled and is further accelerated by the 
electrostatic attractions resulting from the large negative surface charges on the MMTs.  
Furthermore, at a later stage (i.e., when holding time is greater than 6 minutes), 
the further growth of the sol-gel layer virtually stops. In fact, the observed saturation 
thicknesses in both Figure 27 and Figure 26 are in the same range of 50-60 nm per 
deposition cycle, after subtracting the estimated thickness (i.e., 8 nm per deposition 
cycle) of MMT layers.  This saturation thickness is significantly greater than the 
commonly known monolayer or submonolayer self-limiting thickness 87-89. If the growth 
of sol-gel layer between 0.75 to 2 minutes holding time is indeed controlled by 
electrostatic attractions, this observed self-limiting growth of sol-gel layer on the MMT 
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surfaces may be explained, as a hypothesis, by the screening of the electrostatic 
interactions. To quantify the screening effect and to justify this hypothesis, the Debye 
length () is estimated to be around 30 nm for 0.15 M precursor solution, using the 
following equation: 
)mM(/10)nm(1 I   , (3) 
where I is the ionic strength, which is estimated to be ~ 0.1 mM based on the measured 
pH value of 4.06, assuming that H+ is the leading cations that are balanced by 
monovalent  anions. Thus, the potential at a distance of 69 nm from the MMT surface 
drops to 10% of the surface potential. It should be noted that the actual screening effect 
will change when the sol-gel layer forms on the MMT surface. Because the effective 
dielectric constant of and the charge distribution in the sol-gel layer are both unknown, it 
is difficult to quantify the screening effect more accurately. Nonetheless, such a simple 
estimate of the screening length, although not rigorous, supports the above hypothesis.   
 
3.4. Coupling of the Growth of MMT and Sol-Gel ZrO2 Layers 
To further examine whether the growth of MMT layers and sol-gel ZrO2 layers is 
coupled or independent, two control experiments were conducted to grow MMT only 
(i.e., by skipping the dips in the precursor solution) and to grow the sol-gel ZrO2 layer 
only (i.e., by skipping the dips in the MMT suspension), respectively. When the substrate 
was dipped in a MMT suspension and deionized water twice for rinsing alternately for 30 
deposition cycles, the resultant film’s total thickness is less than 20 nm (Figure 28). Since 
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the thickness of one monolayer of exfoliated MMT (i.e., a 2:1 or T-O-T layer in the clay 
mineralogy concepts) is about 1 nm 33, the observed overall growth rate of 20 nm (or ~ 20 
MMT T-O-T platelets) in 30 deposition cycles suggested that the LbL growth is neither 
linear nor continuous. Instead, after several layers of clay platelets were deposited, 
further adhesion of clay platelets in subsequent deposition cycles was impeded due to 
electrostatic repulsions among MMT layers. 
 
Figure 28. A representative cross-sectional SEM image for a film made after dipping a 
substrate in a MMT suspension and rinsing water (twice each cycle) for 30 deposition 
cycles (i.e., without dipping in a zirconium acetate hydroxide solution).  
 
This gives an average growth rate of 0.6 nm per deposition cycle, which is less 
than the thickness (i.e., ~ 1 nm) of one monolayer of exfoliated MMT 33.  This growth 
rate is nominal, because we do not expect a linear LbL growth in this case. This 
observation clearly demonstrates that MMT layers cannot continuously grow without 
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depositing sol-gel ZrO2 layers in between. For comparison, when the thickness vs. 
concentration curve in Figure 26 (a) for zero time of holding in the precursor solution is 
extrapolated to 0 M concentration, a growth rate of ~ 8 nm per cycle (i.e., ~ 250 nm for 
30 deposition cycles) is obtained. This extrapolated growth rate of ~ 8 nm per deposition 
cycle is significantly greater than the observed overall growth rate of 20 clay platelets in 
30 deposition cycles without depositing sol-gel layers. It is therefore concluded that the 
MMT deposition mechanisms are remarkably different for the growth with and without 
the deposition of the sol-gel layers. One possible reason is that the negative surface 
charges on the MMT will prevent continuous adsorption of additional MMT layers unless 
a sol-gel oxide was deposited to neutralize or reverse charges on the surface of the 
growing film. 
In the second set of control experiments, substrates were dipped only in the 0.3 M 
precursor solution and deionized water twice repeatedly, but not in the MMT suspension. 
It was found that the sol-gel layers grow linearly. The growth rate is estimated to be ~ 1.6 
nm per deposition cycle, as shown in Chapter 3. This value is similar to the size of a 
zirconia polyoxocation (i.e., ~ 2 nm 49, 111) that is presumably present in the precursor 
solutions. This observation suggests that about one monolayer of zirconia polyoxocations 
was deposited to the substrate per deposition cycle. This finding is further supported by 
the fact that, when the holding time increases from 45 seconds to 10 minutes, there is 
virtually no increase in the film thickness (Figure 29(a) vs.Figure 29 (b)). Therefore the 
growth of sol-gel layers is self-limited to ~ 1.6 nm per deposition cycle when no MMT 
layers are involved. All these results suggest that the growth of sol-gel ZrO2 layers 
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follows a similar mechanism that was proposed to control the successive ionic layer 
adsorption and reaction (SILAR) process, where an ideal growth of one monolayer of 
ionic species per deposition cycle is usually expected 87-89. In contrast, when the sol-gel 
layers were grown on the MMT surfaces under the same dipping conditions, significantly 
increased growth rates that are much greater than the monolayer growth were observed. 
For instance, the total growth rate for a 45 seconds holding time in a 0.3 M precursor 
solution is ~ 70 nm per deposition cycle. As a rough estimate, the growth rate of 8 nm per 
deposition cycle, obtained by extrapolating the 45 seconds holding time curve to 0 M 
precursor solution (Figure 26 (a)), is used to represent the thickness increment of the 
MMT layers per deposition cycle. The difference of these two values, ~ 62 nm per 
deposition cycle, is then attributed to the net growth of the sol-gel layer on the MMT 
surfaces, which is ~ 40 times greater than that observed for dipping only in the precursor 
solution (Figure 29). This comparison unequivocally shows that the growth rates of sol-
gel layers are significantly increased due to the presence of negatively charged MMT 
layers. This increase can be attributed to primarily the presence of electrostatic 







Figure 29. Cross-sectional SEM images of films made via dipping substrates in 0.3 M 
zirconium acetate hydroxide solutions for 30 deposition cycles with (a) 45 seconds and 
(b) 10 minutes holding time in the solutions, respectively.  
 
3.5. Additional Discussion of Possible Sol-Gel Growth Mechanisms 
To date, the exact sequence for the sol-gel reaction to form ZrO2 is unknown. A 
mostly likely process consists of three steps: hydrolysis, which likely results in weakly 
ionized zirconium  polyoxocations of ~ 2 nm in size 94; condensation/polymerization, 
which may generates neutral and soluble zirconium polymer species with a 
(Zr4+):(CH3COO
 -) ratio of 1:2 94; and gelation via replacing CH3COO
 - groups with OH- 
groups on the polymeric zirconium species, which results in the precipitation of insoluble 
gels  at a (Zr4+):(CH3COO
 -) ratio of ~ 1:1. Possible surface initiated sol-gel processes for 
the low and high concentration regions (as shown in Figure 26 (a)) are proposed as 
follows.  At the low concentration region, the precursor solution is likely composed of 
zirconium polymer species 94 and a smaller portion of zirconium polyoxocations 49.  
Since the Na+ cations on MMT surfaces are exchangeable with other monovalent cations 
in solution (note that the MMT has an exchange capacity of 92.6 meq per 100 g) 72, Na+ 
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cations on MMT may exchange with zirconium polyoxocations, leading to the formation 
of a submonolayer of zirconium polyoxocations on MMT surfaces. In the low 
concentration range (i.e., < ~ 0.1 M) in Figure 26 , the difference in growth rates between 
0 and 45 seconds holding time is small, ~ 1.4 nm per cycle, which is less than the 
thickness of one monolayer of zirconium polyoxocations (i.e., 2 nm in size). This 
suggests that monolayer adsorption via cation exchanging may be the main growth 
process at low concentrations, and additional surface-initiated gelation process is not 
significant. In the high concentration range (i.e., > ~ 0.2 M) in Figure 26 (a), the growth 
rate difference is much significant. This indicates that surface-initiated gelation may be 
dominant, and electrostatic interactions can enhance the deposition of sol-gel layer. This 
surface initiated sol-gel process may be sustained by the precipitation via replacing the 
CH3COO
 - groups with OH- groups on polymeric zirconium species.  
 
3.6. Effects of Aging (Aged Zirconium Acetate Used as Precursors) 
With no aging, the viscosity of the freshly prepared zirconium acetate hydroxide 
solution is small or not measureable by a commercial viscosity meter. Thus, the 
deposition of sol-gel ZrO2 layers is likely a surface sol-gel process (a.k.a., no significant 
gelation in the bulk solution). When the precursor solution is aged, a sol-gel process will 
occur in the bulk solution, resulting in an significant increase in viscosity 82. To 
investigate how such aging process affects sol-gel layer deposition and growth, a 0.15 M 
precursor solution was first aged for various durations at 60 °C before it was used to 
prepare the {MMT-(sol-gel ZrO2)}30 multilayers. It was found that the 0.15 M precursor 
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solution turned into a viscous gel after aging for 21 hours at 60 °C. At such viscosity, 
uniform multilayer films could no longer be synthesized. As such, in this series of 
experiments, the maximum aging time was limited to 14 hours.  
Figure 30 shows the relationships between the multilayer thickness and aging 
time for two sets of specimens that were prepared with 0 and 45 seconds holding time in 
aged precursor solutions, respectively. In general, the aging process causes an increase in 
the viscosity of the sol and affects the hydrodynamics of the film growth during the 
withdrawing step and, presumably to a less extent, advancing/dipping step. Empirically, 
it is common to assume that the viscosity    of an aged sol increases exponentially with 
aging time  t , i.e., /tA e   , where A  and   are two constants 82. Then, the entrained 
film thickness (h, which scales the final total film thickness) during dipping can be 
estimated by the Landau-Levich Equation 86: 
/ 2/3 1/6 1/20.94( ) / ( )t LVh A e U g

        (4) 
where U  is the withdrawal speed and   is the density of the sol. We may assume, for 
simplicity, that the surface tension ( LV ) is a constant 
112, and there is no volume change 




 . (5) 
In other words, the thickness of the sol-gel film deposited during the hydrodynamic 
process is an exponential function of aging time, at a first order of approximation. To 
compare the above equation with experimental data, the net thickness of the sol-gel ZrO2 
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layers is estimated in the hydrodynamic process via subtracting the thickness of MMT 
layers of ~ 8 nm per deposition cycle (which was estimated by extrapolating to 0 
precursor solution concentration in Figure 26 (a) from the actual measured multilayer 
thickness; see the discussion above). This corrected curve, shown as Curve III in Figure 
30 (a), can be well fitted by an exponential function [h = 60.1exp(t (hours)/14.9) - 58.7 
(nm/cycle)].  Hence, this agreement supports that the deposition of aged sol is controlled 






Figure 30. The multilayer thickness versus precursor solution aging time at 60 °C for 
holding time of 45 (Curve I) and (Curve II) 0 seconds, respectively. Curve III represents 
the net thickness of hydrodynamic deposited sol-gel layers (estimated by subtracting the 
thickness of MMT layer from Curve II). (b) Representative cross-sectional SEM images 
of selected multilayers (corresponding to Curve I). 
 
The aging time constant can be intentionally tuned by changing precursor 
concentration, solution pH, temperature, and other parameters that affect the sol-gel 
kinetics.  It should be noted that the Landau-Levich Equation is not applicable when the 
aging time, t, approaches zero, where the film growth is no longer controlled by 
hydrodynamics.  This may explain the occurrence of an extra constant in the fitted 
thickness vs. aging time function.  Another interesting finding is that the difference 
between the thicknesses of multilayers for the two sets of specimens is almost 
independent of the aging time, as shown in Curves I vs. II in Figure 30 (a).  This again 
indicates that the sol-gel layer growth is controlled by hydrodynamics (i.e., the increase 
in viscosity does not significantly affect the deposition of sol-gel layers during the 
holding in the aged sols).  Representative cross-sectional SEM images of multilayers 
made using aged precursors are shown in Figure 30 (b); these images show that nanoscale 
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layered structures are well maintained in these multilayers, where the growth of sol-gel 
layers is controlled by hydrodynamics.   
 
3.7. Structure and Effects of Annealing 
The as-deposited films are typically hydrated and contain some residual acetate 
groups, which can be removed by controlled annealing. Thus, we conducted further 
experiments to investigate the thermal stability and the changes in molecular structures of 
the {MMT-(sol-gel ZrO2)}30 multilayer after annealing at different temperatures. FTIR 
spectra of an as-deposited specimen and the specimens annealed between 200 and 600 °C 
(for 2 hours) are shown in Figure 31 (a). The characteristic vibration bands of MMT and 
zirconium acetate are present in an as-deposited multilayer specimen. The 3625 cm-1 
band is related to the stretching mode of O-H attached to the Al or Mg in the MMT 
octahedral sheet layer 72. The 1121 and 1050 cm-1 bands are related to the two Si-O 
stretching bands for apical and basal oxygen in the MMT, respectively. The 523 cm-1 
band is related to Si-O-Al bending in the MMT 113. On the other hand, the two major 
bands of zirconium acetate can be found at 1568 and 1448 cm-1, which are related to 
asymmetric and symmetric COO stretching bands 114. The 646 cm-1 band is related to Zr-
O stretching band115. The 465 cm-1 band may be related to Zr-O bending from tetragonal 
Zr-O 116, 117.  These bands indicate that hydrated sol-gel ZrO2 and some residual acetate 







Figure 31.  (a)  FTIR spectra of an as-deposited {MMT-(sol-gel ZrO2)}30 multilayer and 
multilayers annealed at different temperatures. All specimens were made using 0.15 M 
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precursor solution and a holding time of 45 seconds.  (b) Cross-sectional SEM images of 
selected annealed multilayers. 
 
When the multilayers were annealed, the molecular structure changed gradually 
(Figure 31 (a)). Two strong COO stretching bands weaken with increasing annealing 
temperature and eventually disappear at 400 °C.  The 646 cm-1 band from the Zr-O 
stretching band disappears at 300 °C, inferring the complete removal of CH3COO groups 
at 300 C. The 1121 cm-1 band of Si-O (apical oxygen) stretching becomes a weak 
shoulder at 500 °C and virtually disappears at 600 °C, indicating the onset of the MMT 
crystal structure collapse at this temperature. The disappearance of 3625 cm-1 OH 
stretching at 600 °C is another evidence for the disintegration of MMT crystal structure. 
However, the 465 cm-1 band, which is the combination of Si-O and Zr-O bending bands, 
remained strong at all temperatures but shifted slightly to 474 cm-1 at 600 °C. In 
summary, annealing at ~ 400 °C results in the formation of MMT-zirconia multilayers 
with MMT crystal structures intact, but the acetate residues and moisture are removed.  
Selected SEM images of annealed multilayers are shown in Figure 31 (b), and these 
images show that the layered structures are well maintained after annealing at 400-500 
C.   
The averaged thickness of an as-deposited (air-dried) {MMT-(sol-gel ZrO2)}30 
multilayer is 507 nm  11 nm. After annealing at 400 °C for 2 hours, the average 
thickness is reduced by ~ 13% to 439 nm  15 nm. It is further reduced to 381 nm  8 nm 
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after annealing at 600 °C for 2 hours (i.e., ~ 25% linear shrinkage from the as-deposited 
multilayer).  
The XRD patterns of as-deposited and annealed {MMTx-(sol-gel ZrO2)}30 
multilayers were shown in Figure 32. A strong MMT (001) peak with a d-spacing of ~ 
1.2 nm was found in the XRD pattern of as-deposited multilayer, implying the presence 
of stacked nanoclay platelets, which are likely orientated parallel to the surface. The 
crystallite size (perpendicular to the MMT (001) plane) calculated based the Scherrer 
Equation was ~ 2.6 nm. Consistently, our kinetic growth study discussed above suggested 
that < ~ 8 nm thick MMTs were deposited in each deposition cycle (see elaboration in 
§3.4).  After annealing at 400 °C, the MMT (001) peak became weaker, but it is still 
distinguishable. This indicated the partial loss of crystallinity of the MMT stacks.  When 
the annealing temperature was increased to 600 °C, the MMT (001) peak virtually 
disappeared, indicating the disintegration of MMT stacks.  These XRD results of 
annealing effects are consistent with the FTIR results discussed above. After annealing at 
400-600 °C, a wide bump appeared at ~ 2 = 29-30°, indicating the partial crystallization 
of ZrO2. This board zirconia peak appears to be a sum of a diffused monoclinic ZrO2 (-
111)m peak (227.3°) and a diffused tetragonal ZrO2 (111)t peak (2 30.3°), as 
labeled in Fig. 9. The equivalent crystallite size calculated based the Scherrer Equation 
was ~ 1.5-2.2 nm (dependent on whether we consider this bump as a single peak or 
double peaks), indicating that ZrO2 is poorly crystallized (largely amorphous or possibly 
nanocrystalline) after annealing at 400-600 °C.  
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Figure 32. XRD patterns of as-deposited and annealed {MMTx-(sol-gel ZrO2)}30 
multilayers. Annealing temperatures are labeled. 
 
3.8. Mechanical Properties  
Table 6 summarizes the derived mechanical properties of several multilayer films.  
In general, both the hardness H and elastic modulus E of the as-deposited films are much 
lower than those of the annealed ones, because the former contains a significant amount 
of water in the structure, present either as absorbed water inside the MMT interlayer 
spaces or as hydrated water in the hydrated oxide gels.  Annealing significantly enhances 
the hardness and elastic modulus.  As the data analysis has eliminated the substrate effect, 
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the effect of film thickness on the hardness and mechanical properties is also removed.  
Consistently, measurements of the two films, {MMTx-(sol-gel ZrO2)}30 and {MMTx-(sol-
gel ZrO2)}60, resulted in similar results.  Furthermore, the inclusion of a soft oxide, SnO2, 
significantly reduces both the hardness and elastic modulus of a {MMTx-(sol-gel ZrO2)-
MMTx-(sol-gel SnO2)}15 multilayer.  This particular result clearly demonstrated that the 
properties (e.g., elastic modulus) of these nanocomposite multilayers can be intentionally 
tuned via changing their designed structure.  Finally, the measured elastic modulus of the 
{MMTx-(sol-gel ZrO2)}n multilayers are ~ 40-45 GPa, which are significantly lower than 
those of monoclinic ZrO2 ( ~ 244 GPa at room temperature 
118-120) and MMT (250-260 
GPa for a single MMT nanoplatelet121).  Since it is well established the elastic modulus of 
a ceramic material depends on its porosity (e.g., a prior study showed that the modulus of 
monoclinic ZrO2 decreases from > 200 GPa to ~ 92 GPa with 22.8% porosity 
118), this 
result suggested the presence of significant porosity in these nanocomposite multilayers 








Table 6. The measured hardness and elastic modulus of clay-oxide multilayers prepared 
using 0.40 wt.% clay concentration. The nano mechanical tests were conducted in LSU 
by Z. Wei and G. Zhang using our specimens. 
 
Specimen 





As-deposited 0.33 9.94 
Annealed at 600 oC 1.68 43.75 
{MMTx-(sol-gel ZrO2)}60 
As-deposited 0.39 9.36 
Annealed at 600 oC 1.86 40.69 
{MMTx-(sol-gel ZrO2)-MMTx-(sol-gel 
SnO2)}15 
As-deposited 0.43 6.20 
Annealed at 400 oC 1.32 19.4 
Annealed at 600 oC 1.50 30.72 
 
4. Conclusions 
We report an optimized LbL synthesis route to fabricate a new class of 
multilayers, {MMTx-(sol-gel ZrO2)}n with an ordered layer structure and sol-gel oxide 
layers as structural “glues”.  The film growth rate can be controlled between ~ 10 nm and 
~ 60 nm per cycle via varying the precursor concentration, holding time in the precursor 
solution, and precursor aging time. A series of systematic experiments and kinetic studies 
led to the following main conclusions. First, the growth of the MMT and sol-gel ZrO2 
layers is strongly coupled, and these two oppositely charged building units can enhance 
each other significantly, primarily due to electrostatic attractions.  Second, the growth 
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kinetics of the sol-gel layers cannot be explained by simple mass diffusion or interfacial 
reaction controlled kinetic models, indicating that the electrostatic interactions may 
significantly impact the growth of sol-gel ZrO2 layers on the MMT surfaces.  Third, the 
growth of sol-gel ZrO2 layers on MMT surfaces exhibit a self-limiting thickness of ~ 50-
60 nm, which may be explained by the screening of the electrostatic interactions.  Fourth, 
when the zirconium acetate hydroxide solutions are aged, the growth of sol-gel layers is 
controlled by a hydrodynamic process that obeys the well-known Landau-Levich model. 
Fifth, isothermal annealing at ~ 400 °C will dehydrate the multilayers and remove the 
residue acetate groups without damaging the MMT nanoplatlets and the ordered layer 
structure of the films.  Finally, the mechanical properties (hardness and elastic modulus) 
of these composite multilayers have been measured.  Nanomechanical measurements also 
showed that the elastic modulus (and presumably other properties) of these composite 
multilayers can be intentionally tuned by changing the multilayer design and that 
significant porosity is present in these multilayers even after annealing. 
This study demonstrated the feasibility of replacing polyelectrolytes by sol-gel 
oxides as “glues” to fabricate LbL assembled multilayers.  Various potential applications 
for this new class of all-inorganic {MMTx-(sol-gel ZrO2)}n multilayers, as well as various 
other types of {nanosheet-(sol-gel oxide)}n and {nanoparticle-(sol-gel oxide)}n 
multilayers with similar structures,  will be envisioned and discussed in Chapter 8. 
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CHAPTER SIX 
SYNTHESIS OF NANOCLAY-NANOPARTICLE MULTILAYERS 
 
1. Introduction 
In prior chapters, we reported the synthesis of {nanoclay-(sol-gel oxide)}n 
multilayers by an LbL technique. An alternative method to incorporate oxide components 
is using oxide nanoparticles, to make {nanoclay-(oxide nanoparticle)}n multilayers with a 
new “plate-ball” architecture. In addition to potential new applications, {nanoclay-(oxide 
nanoparticle)}n multilayers provide a platform to study electrostatic interactions during 
the LbL assembling process with well-defined geometry and surface charge states. 
In prior studies, nanoparticles have been used as building blocks to make 
polymer-nanoparticle multilayers95, 122-124 or nanoparticle-nanoparticle multilayers11, 12, 52, 
53. In suspensions, nanoparticles are either negatively or positively charged. On one hand, 
negatively charged CdS, PbS, TiO2
122, and SiO2 
95 nanoparticles were used to synthesize 
polymer-nanoparticle multilayers with PDDA polycations. On the other hand, positively 
charged Au (surfactanted with the positive poly(amidoamine) dendrimer) 123 and Co-Zn-
Fe ferrite 124 nanoparticles were used together with negatively charged PSS  polyanions 
to synthesize multilayers.  
Furthermore, a few all-nanoparticle multilayers have been synthesized. Iler et al. 
made inorganic nanoparticle multilayers using negatively charged SiO2 and positively 
charged boehmite fibrils in 1960s 52, but this work did not receive much attention at that 
time. Lee et al. at MIT re-examined the possibility to make all-nanoparticle multilayers 
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by synthesizing TiO2-SiO2 
11, 12 and SiO2-SiO2 
53 (with surface modification for charge 
reversion) multilayers.  
 
Figure 33. Three proposed nanostructures with an increased complexity.  
 
This chapter documented our recent effort to synthesize yet another new type of 
nanoclay-nanoparticle multilayers or {clay-NP}n, via LbL assembly of positively charged 
nanoparticles and negatively charged nanoclays (Figure 33 (I)). Then, we further 
demonstrated the synthesis of two more complex multilayers, {clay-[NP]m}n and {clay-
[ZrO2
film-clay]k-[NP]m}n, as schematically shown in Figure 33 (II) and (III). Potential 
applications of such multilayers will be discussed in Chapter. 8.  
We also investigated effects of the pH of suspensions on the growth of nanoclay-
nanoparticle multilayers, and the key results were documented in Appendix C.  
 
2. Experimental 
Materials. Cerium (IV) oxide (< 25 nm), anatase titanium (IV) oxide (< 25 nm), and 
aluminum oxide (< 50 nm) nanoparticles were purchased from Sigma-Aldrich (St. Louis, 
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MO). Montmorillonite (cloisite Na+) was purchased from Southern Clay Products 
(Gonzales, TX).  
Suspensions. Approximately, 0.0225 g nanoparticles were dispersed into 75 ml 
deionized water to prepare a 0.03 wt. % nanoparticle suspension. The suspension was 
stirred for 20 minutes with a magnet, and ultrasonicated for 20 minutes. NaOH (0.01 M) 
or HCl (1 N) was added into the suspension to change the pH. The suspension was 
further ultrasonicated for 20 minutes before usage. A nanoclay suspension (0.5 wt. %) 
was prepared by dispersing 5 g MMT into 1 L deionized water. The suspension was 
vigorously stirred one week and settled for one day, before the supernatant of the 
suspension was used to synthesize multilayers. 
Multilayer synthesis. Nanoclay-nanoparticle multilayers were prepared using Si/SiO2 
substrates (which were cleaned using the same procedure described in prior chapters) by 
repeating the following four steps periodically. First, a substrate was dipped into a 
nanoparticle suspension and held for 10 minutes. Second, the substrate was rinsed in 
deionized water for three times (in three beakers; for 2, 1, and 1 minute respectively). 
Third, the substrate was dipped into a clay suspension and held for 45 seconds. Fourth, 







3. Results and Discussions  
Type I: {clay-NP}n 
 
Figure 34. Cross-sectional and in-plane SEM images of (a) and (b) {MMT-TiO2}n and 
(c) and (d) {MMT-CeO2}n multilayers. 
 
First, we prepared nanoclay-nanoparticle multilayers with a simple architecture: 
{clay-NP}n, where n is number of deposition cycles. Positively charged TiO2 and CeO2 
nanoparticles were selected. The point of zero charge (PZC) of TiO2 (anatase and rutile) 
is ~ 5.9 125, and the PZC of CeO2 is ~ 8.1 
126.  Thus, the pH of TiO2 and CeO2 
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suspensions was controlled to be ~ 2.4, which was far below the PZC of either oxide, to 
obtain positively charged nanoparticles. 
Representative SEM images of the synthesized {MMT-TiO2}n and {MMT-
CeO2}n multilayers are shown in Figure 34. Both multilayers show layered structures, 
where the nanoparticles between layers of nanoclays are clear visible. The estimated 
thickness is ~ 32 nm per deposition cycle for {MMT-TiO2}n and ~ 36 nm per deposition 
cycle for {MMT-CeO2}n. These are consistent with the size of TiO2 (< 25 nm) and CeO2 
(< 25 nm) nanoparticles, assuming the thickness of MMT layers is ~ 8-10 nm (similar to 
that in {MMT-sol gel ZrO2} multilayers). The results indicate that about one layer of 
nanoparticles were adsorbed/deposited in each deposition cycle. The {MMT-CeO2}n 
multilayer exhibits a more uniform surface, as shown in Figure 34d.  
 
Type II: {clay-[NP]m}n  
 
Figure 35. (a) Cross-sectional and (b) in-plane SEM images of {MMT-((CeO2-TiO2)2-
CeO2)}n multilayers.  
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Both positively and negatively charged nanoparticles are needed to form a more 
complex multilayer {clay-[NP]m}n, where multiple layers of nanoparticles (with opposite 
charges) are deposited in each cycle. The targeted structure is schematically shown in 
Figure 33 (II). To achieve this structure, we set the pH of both TiO2 and CeO2 
suspensions to be ~ 7, which was smaller than PZC of CeO2 and greater than PZC of 
TiO2. Thus CeO2 nanoparticles were positively charged and TiO2 nanoparticles were 
negatively charged. Then we synthesized {MMT-((CeO2-TiO2)2-CeO2)}n multilayers by 
depositing three layers of CeO2 and two layers of TiO2 nanoparticles in each deposition 
cycle. Representative SEM images are shown in Figure 35. This {MMT-((CeO2-TiO2)2-
CeO2)}n multilayer shows layered structures, and it is clear that multiple layers of 
nanoparticles have been deposited between two layers of MMT. The estimated thickness 
is ~ 82 nm per deposition cycle. Assuming the MMT layer is ~ 8-10 nm, the total 
thickness of CeO2 and TiO2 nanoparticles is ~ 70-75 nm, which is about 3 times of the 
particle size (~ 25 nm for both CeO2 and TiO2). Since the targeted structure is {MMT-
((CeO2-TiO2)2-CeO2)}n, this result indicates that ~ 0.6 monolayer of nanoparticles are 
deposited in each dip. This multilayer also exhibits a fairly uniform surface, as shown in 











Figure 36. Cross-sectional and in-plane SEM images of (a) and (b): as-deposited and (c) 
and (d): annealed {(CeO2-TiO2)2-CeO2-(MMT-ZrO2)2-MMT}n multilayers. 
 
Finally, we incorporated sol-gel ZrO2 into the multilayer structure to synthesize 
{(CeO2-TiO2)2-CeO2-(MMT-ZrO2
sol-gel film)2-MMT}n multilayers; the targeted structure 
was schematically shown in Figure 33 (III). This multilayer was synthesized by using 
0.15 M zirconium acetate to make the sol-gel films in the (MMT-ZrO2
sol-gel film)2-MMT 
part of the multilayer structure, following the procedure described in Chapter 5. The other 
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deposition procedure was the same as that for making {MMT-((CeO2-TiO2)2-CeO2)}n 
multilayers. The representative SEM images are shown in Figure 36. The as-deposited 
multilayer shows layered structures (Figure 36 (a)). The estimated thickness is about 140 
nm per deposition cycle, which agrees reasonably with the targeted structure. We further 
annealed the as-deposited multilayers at 200 °C for 1 hour to dehydrate. The annealed 
multilayers still exhibit a layered structure (Figure 36(c)) but the thickness is reduced to ~ 
100 nm per deposition cycle. Both as-deposited and annealed multilayers exhibit uniform 





AN EXPLORATORY STUDY OF SYNTHESIS OF OTHER TYPES MULTILAYERS  
 
This chapter documented an exploratory study of synthesis of several other types 
of multilayers. One of the objectives is to demonstrate that our methodology of using sol-
gel oxides (instead of polymers or polyelectrolytes) as structural “glues” to build 
multilayers can be extended to include other metal oxides. In addition, we also explored 
the feasibility of synthesizing several other types of novel structures, including MMT- 
ionic liquid, polymer-oxide multilayer, and carbon nanotube-oxide multilayers. 
 
1. MMT-SnO2 Multilayers 
1.1 Introduction 
Tin oxide (SnO2) is a transparent oxide and a wide bandgap n-type semiconductor  
127. Because of its good optical transparency in visible and near IR regions, SnO2 finds 
applications in photovoltaic cells, liquid crystal displays,  and photo detectors 128. Sol-gel 
methods have been used to prepare tin oxide. Li et al. dissolved SnCl2·2H2O into a 
mixture of ethanol and hydrochloric acid and aged the solution to obtain tin oxide sol 129.  
Maddalena 130, Terrier 128, 131, Benrabah 127, Ota  132, Bhat133, Zhang134 , and Banerjee 135 
prepared tin oxide sol similarly by dissolving tin salts (SnCl2 or SnCl4) into alcohol 
(ethanol, isopropyl alcohol, or propanol alcohol) solutions. Dopants, such as F, Sb, Zn 
and In, were added when needed. 
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In this study, SnCl2·2H2O was selected as the tin oxide precursor. We successfully 
prepared MMT-SnO2 multilayers by an LbL method.  
 
1.2 Experimental 
A tin chloride solution (0.05 M) was prepared by dissolving 1.422 g tin(II) 
chloride (Sigma-Aldrich, St. Louis, MO) into 75 ml deionized water and adding 4 ml HCl 
(1 N) dropwise. A nanoclay suspensions was prepared by adding a sodium 
hexametaphosphate ((NaPO3)6) solution (5 g/L) dropwise into a 0.4 wt. % MMT 
suspension with a volumetric ratio of 1:100. As-deposited MMT-SnO2 multilayers were 
synthesized by dipping a pre-cleaned silicon substrate into the tin chloride solution and 
the nanoclay suspension alternatively (without inter-rinsing) for 30 cycles.  
 
1.3 Results and discussion 
 
Figure 37. (a) An optical micrograph and (b) a cross-sectional SEM image of MMT-
SnO2 multilayers. 
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A MMT-SnO2 multilayer showed a smooth and uniform surface (Figure 37 (a)). 
The multilayer was ~ 500 nm thick and exhibited a layered structure, as shown in Figure 
37(b). An EDS spectrum of the as-deposited multilayer (Figure 38) showed strong Sn 
peaks, which confirmed the existence of Sn in the multilayers. Presumably, the tin oxide 
deposition occurred via a condensation of oxohydroxo polymeric species136 
( ) in the precursor solution.  
 
Figure 38. An EDS spectrum of a MMT-SnO2 multilayer. The inlet is a table of the 
apparent (measured) elemental composition. 
 
2. MMT-ZnO Multilayers 
2.1 Introduction 
Zinc oxide (ZnO) is a transparent oxide and a wide bandgap (3.37 eV) 
semiconductor. Because of its optical transparency, zinc oxide is used as a conducting 
electrode for display devices and solar cells when doped with Al or In137. Other 
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applications of ZnO include materials for room-temperature ultraviolet lasers, field-effect 
transistors, photo detectors, and gas sensors. ZnO thin films can be prepared by 
sputtering, molecular beam epitaxy, chemical vapor deposition, pulsed laser deposition, 
spray pyrolysis and sol-gel methods 138. Among all the synthesis methods, the sol-gel 
method is a low-cost and low- temperature processing. Furthermore it is easy to control 
compositions, and large area coatings can be made. Zinc oxide precursor solutions (sol) 
were usually prepared by mixing inorganic zinc salts with alcohols. O’Brien et al. 
dissolved zinc acetate (  2Zn OAc ) in isopropanol (  3 2CH CHOH ), added 
monoethanolammine (MEA, 2 2 2H NCH CH OH ) as a sol stabilizer, stirred this mixture to 
obtain sol, and prepared zinc oxide films with spin coating 138. Dutta et al. mixed zinc 
acetate dihydrate (   22 2Zn OAc H O ), isopropanol, and diethanolamine (DEA) to obtain 
sol 139. Zhu 140, Lee 141, Srinivasan 142, and Ohyama 143 mixed zinc acetate dihydrate, 2-
methoxyethanol and MEA to obtain sol. Znaidi et al mixed zinc acetate dihydrate, 
ethanol and MEA to obtain sol144. 
In this study, zinc acetate dihydrate (   22 2Zn OAc H O ) was used as the zinc 




A zinc acetate solution (0.05 M) was prepared by dissolving 1.646 g zinc acetate 
dihydrate (Sigma-Aldrich, St. Louis, MO) into 75 ml deionized water. A nanoclay 
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suspension was prepared by adding a sodium hexametaphosphate ((NaPO3)6) solution (5 
g/L) dropwise into a 0.4 wt. % MMT suspension with a volumetric ratio of 1:100. An as-
deposited nanoclay-zinc oxide multilayer was synthesized by dipping a pre-cleaned 
silicon substrate into the zinc acetate precursor solution and the nanoclay suspension 
alternatively (without inter-rinsing) for 30 cycles.  
 
2.3 Results and discussions 
 
Figure 39. (a) An optical micrograph and (b) in-plane and (c) cross-sectional SEM 
images of a MMT-zinc oxide multilayer. 
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As-deposited nanoclay-zinc oxide “multilayers” showed no clear layered structure 
(Figure 39(c)). An EDS spectrum (Figure 40) showed Zn peaks, which confirmed the 
existence of zinc (~ 0.2 at. %) within the composite film. The film had a fairly smooth 
surface (as shown in Figure 39(a) and (b)), and it was uniform in thickness (Figure 
39(c)). The thin thickness (less than 100 nm) and the lack of a layered structures are 
probably due to weak interactions between zinc oxide sol and nanoclays.  
 
Figure 40. An EDS spectrum of MMT-ZnO multilayer. The inlet is a table of measured 
elemental composition. 
 
3. MMT-CeO2 Multilayers 
3.1 Introduction 
Cerium oxide (CeO2) is a wide bandgap (~ 3.2 eV) semiconductor. Applications 
of cerium oxide include: passive electrode materials because of its good visible 
transparencies and strong ultraviolet absorbency 145, electrolyte materials for solid oxide 
fuel cells because of its high ionic conductivity 146, catalysis materials for automotive 
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emission-control because of its high oxygen storage capacity, and substrate materials of 
mesoporous membranes because of its porous structures 147.  
Sol-gel methods were used to prepare cerium oxide films. The two inorganic 
cerium salts were used as cerium oxide precursors. One was cerium nitrate, which was 
either mixed with alcohols or bases. Guo et al. dissolved cerium nitrate hexahydrate 
(Ce(NO3)3·6H2O) in a water-ethanol solution, added HNO3, and used citric acid and PEG 
as chelating and cross-linking agents148 to obtain sols. Chen et al. dissolved 
Ce(NO3)3·6H2O in acetylacetone (C5H8O2), mixed with 2-methoxyethanol and glycol, 
and prepared cerium oxide films by spin coating 149. Epifani et al. dissolved 
Ce(NO3)3·6H2O in methanol, mixed with  acetylacetone, and added NH4OH dropwise to 
prepare sols150.  Rane 147 and Huang 146 dissolved Ce(NO3)3·6H2O in distilled water, 
precipitated the solution with NH4OH, and peptized the precipitation with HNO3 to 
obtain sols. Wu et al. added urea ((NH2)2CO) to cerium nitrate solutions and obtained 
sols by aging 151. The other cerium oxide precursor was cerium chloride. Verma et al. 
added citric acid, with a controlled quantity, into a solution of cerium chloride 
heptahydrate (CeCl3·7H2O) and ethanol to obtain sols 
145.Chen et al. dissolved cerium 
chloride hexahydrate (CeCl3·6H2O) and zirconium oxychloride octahydrate in anhydrous 
ethanol to obtain sols with aging, and prepared ceria stabilized zirconia films by dip 
coating152. Murali added acrylamide (N,N bis methylene acrylamide) and ammonium 
persulphate to cerium chloride solutions to obtain sols 153.  
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In this study, cerium chloride (CeCl3) and cerium nitrate (Ce(NO3)3) were used as 
two different cerium oxide precursor solutions. We prepared MMT-CeO2 multilayers 
using both precursors by an LbL method with a limited success. 
 
3.2 Experimental 
A cerium chloride solution (0.05 M) was prepared by dissolving 1.397 g cerium 
chloride heptahydrate (Sigma-Aldrich, St. Louis, MO) into 75 ml deionized water. A 
cerium nitrate solution (0.05 M) was prepared by dissolving 1.628 g cerium nitrate 
hexahydrate (Sigma-Aldrich, St. Louis, MO) into 75 ml deionized water. A nanoclay 
suspension was prepared by adding a sodium hexametaphosphate ((NaPO3)6) solution (5 
g/L) dropwise into a 0.4 wt. % MMT suspension with a volumetric ratio of 1:100. As-
deposited MMT-cerium oxide multilayers were synthesized by dipping pre-cleaned 
silicon substrates into cerium precursor solutions (cerium chloride or cerium nitrate) and 










3.3 Results and discussions 
 
Figure 41. Optical micrographs and in-plane and cross-sectional SEM images of MMT-




As-deposited MMT-CeO2 multilayers made with CeCl3 and Ce(NO3)3 precursor 
solutions showed no clear layered structures (Figure 41 (e) and (f)). EDS spectra of both 
MMT-CeO2 films confirmed the presence of cerium (Figure 42). Both films were 
micrometer thick and showed rough surfaces, with clay platelets on top (Figure 41).  
 
Figure 42. EDS spectra of as-deposited MMT-cerium oxide multilayers made using (a) 
cerium chloride and (b) cerium nitrate precursor solutions. The inlets are tables of 
measured elemental compositions. 
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4. MMT-Ionic Liquid Multilayers 
4.1 Introduction 
An ionic liquid, which usually has a melting temperature below 100 °C, is one 
type of ionic salts. Cations of ionic liquids are organics, such as include 1-alkyl-3-
methylimidazolium, N-alkylpyridinium, tetraalkyammonium, and 
tetraalkylphosphonium. Anions of ionic liquids can be either organics or inorganics, such 
as hexafluorophosphate, tetrafluoroborate, trifluoromethylsulfonate, trifluoroethanoate, 
ethanoate, nitrate, and halide 154. Anion types affect the water solubility of ionic liquids: 
ionic liquids with halides or nitrate are soluble; ionic liquids with PF6
- or AsF6
- are 
insoluble155. Applications of ionic liquids include: catalysis materials 156, intercalation 
materials for kaolinite 157, 158, and green solvents, which can replace volatile and toxic 
polar solvents because of their low vapor pressures.  
In this study, a 1-butyl-3-methylimidazolium chloride ([BMIM]Cl) was used as 
cationic solution. We prepared MMT-ionic liquid multilayers by an LbL method. 
 
4.2 Experimental 
A [BMIM]Cl ( ,Cl-) solution (0.05 M) was prepared 
by dissolving 0.655 g [BMIM]Cl (Sigma-Aldrich, St. Louis, MO) into 75 ml deionized 
water. A nanoclay suspension was prepared by adding a sodium hexametaphosphate 
((NaPO3)6) solution (5 g/L) dropwise into a 0.4 wt. % MMT suspension with a 
volumetric ratio of 1: 00. An as-deposited MMT-ionic liquid multilayer was synthesized 
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by dipping a pre-cleaned silicon substrate into the [BMIM]Cl precursor solution and the 
clay suspension for 30 cycles.  
 
4.3 Results and discussions 
 
Figure 43. (a) In-plane and (b) cross sectional SEM images of MMT-ionic liquid 
multilayers.  
 
An as-deposited MMT-ionic liquid multilayer showed no clear layered structure 
(Figure 43(b)). The as-deposited film exhibited a smooth surface and good thickness 
uniformity (Figure 43). The role of organic cation ([BMIM]+) in the formation of films 
should be studied further. Strong electrostatic interactions between [BMIM]+ and 





5. Polymer-Oxide Multilayers and Carbon Nanotube-Zirconia Multilayers 
5.1 Introduction 
Polymer-oxide hybrid materials are designed to have enhanced mechanical, 
thermal, or electrical properties. For example, a polymer-oxide composite made of 
polyaniline (conductive polymers) and V2O5 showed better electrochemical responses 
than both components, which made this composite a good cathode material for Li 
batteries with a better reversibility and an increased Li capacity159. Polymer-oxide 
composites made of proton conductive polymers and oxides (e.g., SiO2) have better 
chemical and thermal stabilities, which are good for applications as proton exchange 
membranes (PEM) for PEM fuel cells 160. 
Single wall carbon nanotubes (SWCNT) have cylindrical structures and high 
length-to-diameter ratios. Unique features of SWCNT include superior mechanical 
properties, e.g., an Young modulus of 1 TPa and a shear modulus of 450 GPa 161. 
Depending on its diameter and helicity, an SWCNT can exhibit either metallic or 
semiconductive electrical conductivities 162. Mamedov et al. prepared PEI -SWCNT 
composites by a LbL method, and the composites showed an increased mechanical 
property: a tensile strength close to that of  a hard ceramic material 163.  
In this study, we used an LbL method to prepared polymer-oxide multilayers with 






A polymer-oxide multilayer (with a nominal structure of {ZrO2/PSS/PEI}10) was 
synthesized by dipping a pre-cleaned silicon substrate into a 0.06 M zirconium acetate 
(ZA) solution, a 1.5 mg/ml sodium polystyrene sulfonate (PSS) polyanion solution, and a 
1.5 mg/ml polyethylenimine (PEI) polycation solution in an order of 
ZA/PSS/PEI/PSS/PEI/PSS. The deposition cycles were repeated 10 times.  
SWCNT suspensions were generously given by Dr. Pu-Chun Ke’s group (Physics 
Department, Clemson University). The dispersion agent of SWCNT suspensions is 
sodium dodecyl sulfate (NaC12H25SO4, SDS). A SWCNT-zirconia composite film was 
synthesized by repeatedly dipping a pre-cleaned silicon substrate into a 0.15 M zirconium 
acetate solution and a 10.5 mg/L SWCNT suspension for 30 cycles. 
 
5.3 Results and discussions 
An as-deposited polymer-oxide multilayer showed no layered structures (Figure 
44 (b)). An EDS spectrum of the composite film (Figure 44(c)) indicated the presence of 
zirconium (~ 0.7 at. %). The film was ~ 300 nm thick; some pores (~ 10-100 nm) can be 
observed on its surface (Figure 44(a)). The results suggested that this polymer-oxide 




Figure 44. (a) In-plane and (b) cross-sectional SEM images, and (c) an EDS spectrum of 
polymer-oxide multilayers. 
 
The SWCNT-zirconia film was uniform to naked eyes, but it showed a granular 
structure under an optical microscope (Figure 45). The “grain” size is similar to the 
length of SWCNT. Further optimization, such as functionalizing SWCNT with charged 
groups, is necessary to obtain more uniform multilayers. 
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A DISCUSSION OF POTENTIAL APPLICATIONS  
 
The {MMTx-(sol-gel ZrO2)}n and several other types of multilayers described in 
Chapter 6 and Chapter 7 were synthesized for the first time in our studies. Because of 
their all inorganic building units and distinct structure, the {nanoclay-(sol-gel oxide)}n 
and {nanoclay-(oxide nanoparticle)}n multilayers are expected to have new applications 
as high-temperature gas membranes, microelectromechanical system (MEMS) structure 
components, fast ion conductor, sensors, and protective coatings. Although future studies 
are needed to explore and verify these applications, a few example potential applications 
are discussed below.  
 
1. High-Temperature Filtering Membranes 
The application of {nanoclay-(sol-gel oxide)}n and {nanoclay-(oxide 
nanoparticle)}n multilayers as a class of novel high-temperature filtering membranes with 
tortuous paths can be envisioned.  In general, the inorganic membranes possess high 
thermal stability, chemical stability in a wide pH range, structural integrity, mechanical 
strength and stiffness, and long-term durability 164. More specifically, it is well known 
that zirconia 165 or zirconia composites 166-169 made by sol-gel processes are good 
membrane materials bearing nanometer-sized pores. These membranes can be used for 
high-temperature CO2 separation 
170, hydrogen production, and purification164.  In 
{MMTx-(sol-gel ZrO2)}n or other {nanoclay-(sol-gel oxide)}n and {nanoclay-(oxide 
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nanoparticle)}n multilayers, the distinct layered structure and the inclusion of the clay 
nanoplatelets or other nanosheets as tiny barriers in the structure lead to the formation of 
tortuous paths throughout the film. The penetrating gas molecules will easily transport 
through the pore network inside the zirconia, but will be blocked by the nanosheets. As 
such, permeation of gas molecules is only allowed through the gaps among the clay 
nanoplatelets, as schematically illustrated in Figure 46. Fine processing controls can be 
used to regulate the pore size in the zirconia layer and the gaps among nanoclay platelets 
to modify gas permeability and selectivity of the films. Furthermore, in {nanoclay-(oxide 
nanoparticle)}n multilayers, even though the surface charges of nanoclays are always 
negative, edge charges of nanoclays can be reversed (to be positive) via reducing pH (to 
< ~7) to control the vertical permeability (via repelling the positively charged 
nanoparticles). This novel concept is schematically illustrated in Figure 46 (b). Finally, 
different sol-gel oxides can be conveniently, flexibly incorporated into a unified, multi-
phase nanoclay-based multilayer, allowing the integration of multiple functionalities into 











Figure 47. Schematic of micro-cantilevers made of freestanding MMT-zirconia 
multilayers. 
 
In addition to coatings, these nanoclay-sol gel oxide multilayers can find 
applications in MEMS components or sensors/actuators. Freestanding MMT-zirconia 
multilayers, which have been synthesized in our study (Figure 25 in Chapter 5), can be 
used as micro-cantilevers, an important sensing unit in these sensors (Figure 47). Other 
 116
similar ultrathin cantilever sensors have already been developed by using polymer-
ceramic nanocomposites synthesized by LbL assembly 61. However, cantilever sensors 
made of all inorganic nanoclay-oxide multilayers are more suitable for high-temperature 
applications. Moreover, these all inorganic multilayer cantilevers can possess enhanced 
dynamic or vibrational properties, when compared with polymer-nanoclay multilayers, as 
suggested by the inorganic structural components.  
 
3. Interface-Enhanced Fast Ionic Conductors 
A high density of interfaces within MMT-zirconia multilayers may enhance their 
ionic conductivity. Ionic conductors are critical components for fuel cells, batteries, 
certain chemical filters, solid-state electrolyte reactors, and gas sensors. 
In a seminal paper published in Nature in 2000 171, Sata et al. reported a new 
route to enhance ionic conductivity via interface effects using (CaF2-BaF2)n hetero-
multilayers as a model system, and systematic investigations of (CaF2-BaF2)n have been 
conducted 172, 173.  The interface enhanced ionic conduction phenomenon has also been 
observed in doped (CeO2-ZrO2)n multilayers 
174-176 and thin polycrystalline films of 
yttrium-stabilized zirconia (YSZ) 177, 178, Gd-doped CeO2 
179, and lanthanum germanite 
180-183. These multilayers or thin films have been synthesized using sophisticated 
molecular beam epitaxy (MBE) and pulsed laser deposition (PLD) methods. Furthermore, 
an economical sol-gel route has been used to make nanocrystalline Y/Sm-doped CeO2-
ZrO2 composite films, which also exhibit enhanced ionic conductivity 
184.   
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The enhanced ionic conductivity can be attributed to either an increase of ion 
concentrations due to an electrical double-layer space-charge effect, or an increase of ion 
mobility at or near interfaces. In the first case, when the distance between two interfaces, 
e.g., the CaF2/BaF2 and the BaF2/CaF2 interface in (CaF2-BaF2)n hetero-multilayers, is 
close to the Debye length, the space charge regions overlap, increasing F-1 vacancy 
concentration 171, 185. In contrast, another study of single-layers of yttria-stabilized 
zirconia (with 10% Y2O3) suggested that increased ion mobility at the interface is the 
major cause of enhanced ionic conductivity 177, 178. While both mechanisms likely 
contribute to the enhanced ionic conductivity, to date, quantitatively testing these 
hypothesized mechanisms remains difficult, partly because the exact amount of 
interfacial charges is usually unknown. 
Although it needs to be confirmed experimentally, {nanoclay-(sol-gel oxide)}n 
has the potential to be a new type of interface-enhanced ionic conductors. First, if the 
space charge mechanism is valid, {nanoclay-(sol-gel oxide)}n can exhibit significantly 
enhanced ionic conductivity because the large and permanent surface charges of 
nanoclays. Second, in addition to potentially significant enhancement in ionic 
conductivity induced by the large surface charges of nanoclays, a unique experimental 
opportunity for quantitatively testing the hypothesized mechanism is also envisaged, 
because the interfacial charge density resulted from nanoclays is known and can be 
further varied. Third, making oxide-clay multilayers via a cost-effective, solution-based 
method, as originally demonstrated in our study, represents yet another novel idea to 
manufacture interface-enhanced ionic conductors Finally, while {nanoclay-(sol-gel 
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oxide)}n multilayers are potentially a new type of high-temperature interface-enhanced 
ionic conductors, the {nanoclay-(ionic liquid)}n multilayers that are made (and reported 
in Section 4 of Chapter 7, Figure 43) represents yet another type of low-temperature 
interface-mediated ionic conductors with applications in different environments. 
 
4. Photonic Clays 
 “Photonic clays” or one-dimensional photonic crystals made of spin-coated clay-
TiO2 multilayers have recently been developed as a new type of clay-based chemical 
sensors 186, 187. In these photonic clay sensors, adsorption, ion exchange, and interlayer 
intercalation inside the nanoclays will alter the optical paths and lead to a shift in the 
Bragg reflection peak and hence the change in color.  These photonic clay sensors have 
already attracted great attention because of their sensitivity and simplicity.  Substituting 
the spin-coated clay layers in the “photonic clays” with the MMT-zirconia multilayers 
synthesized in this study, or even other derivative nanoclay-ceramic multilayers, can in 
principle lead to a better control of thickness, composition, periodicity, and nanoporosity. 
Thus, the effects of adsorption, ion exchange, and intercalation can be beneficially 
separated, and a better selectivity of sensing is achievable.  
Specifically, we expect that substituting the spin-coated clay layers with proposed 
either {nanoclay-(sol-gel oxide)}n or {nanoclay-(oxide nanoparticle)}n multilayers will 
significantly enhance the sensitivity and selectivity of these sensors, because we have an 
improved control of nanoporosity and we can now separate the effects of adsorption, ion 
exchange and intercalation. Thus, it becomes feasible to design a matrix of multilayer 
 119
sensors with different nanoporosity and nanoparticles, which will respond selectively to 
different chemical or biological species (Figure 48). Such responses can be detected by a 
combination of adsorption band/color changes. Consequently, this is a new platform for 
designing low-cost, user-friendly, versatile sensor matrix with high sensitivity and 




Figure 48. Photonic clays: a new class of chemical sensors made of spin-coated porous 
clay-TiO2 multilayers and the proposed photonic sensor matrix. 
 
5. Protective Coatings  
The {MMTx-(sol-gel ZrO2)}n or other {nanoclay-(sol-gel oxide)}n multilayers can 
be used as protective coatings. The nacre-like, the brick-and-mortar structures of these 
multilayers is similar to that of polymer-MMT multilayers, which have proven to have 
superior mechanical properties 9, 97. The {MMTx-(sol-gel ZrO2)}n multilayers are 
composed of hard zirconia components and planar nanoclay layers; the presence of planar 
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clay nano-layers may increase the fracture toughness of these nanocomposite films by 
deflecting cracks.  
These 2-D nanoclays may also serve as diffusion barriers; thus, applications as 
anti-corrosive and anti-oxidation coatings may also be envisioned. In fact, anticorrosive 
coatings made of nanoclay-polymer composites have already been synthesized. For 
example, Yeh et al. coated a MMT-PMMA composite film on a cold-rolled steel 
substrate, and electrochemical evaluations showed that these coatings have better 
performance than PMMA coatings 188, 189. It was proposed that the incorporation of 
nanoclays enhances the anticorrosive performance by increasing the diffusion pathways 
50.  
MMT-zirconia multilayers are potentially good anticorrosive coatings, 
particularly for applications at high temperatures where polymer-nanoclay coatings 
cannot be used. In fact, sol-gel zirconia coatings on magnesium alloys showed good 
anticorrosive performances 190. The incorporation of 2-D MMT nanosheets will increase 
diffusion pathways; the concept is essentially similar to that is shown in Figure 46 (a) for 






A new class of all-inorganic nanostructure multilayers, {MMTx-(sol-gel oxide)}n, 
has been synthesized for the first time to our knowledge. These multilayers are 
synthesized by sequentially dipping a substrate in an exfoliated nanoclay suspension and 
a sol-gel precursor solution. This study demonstrated the feasibility of replacing 
polyelectrolytes by sol-gel oxide as “glues” to fabricate LbL assembled multilayers. It 
represents an innovative concept of fabricating nanoscale multilayers via layer-by-layer 
methods.  
A series of systematic experiments of {nanoclay-(sol-gel ZrO2)}n multilayers led 
to the following main conclusions about the growth kinetics and assembly mechanisms: 
 The growth of the MMT and sol-gel ZrO2 layers is strongly coupled, and these 
two oppositely charged building units can enhance each other significantly, 
primarily due to electrostatic attractions.   
 The film growth rate can be controlled between ~ 10 nm and ~ 60 nm per cycle 
via varying the precursor concentration, holding time in the precursor solution, 
and precursor aging time. 
 The growth kinetics of the sol-gel layers cannot be explained by simple mass 
diffusion or interfacial reaction controlled models, indicating that the electrostatic 
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interactions may significantly impact the growth of sol-gel ZrO2 layers on the 
MMT surfaces,. 
 The growth of sol-gel ZrO2 layers on MMT surfaces exhibit a self-limiting 
thickness of ~ 50-60 nm, which may be explained by the screening of the 
electrostatic interactions.   
 When the zirconium acetate precursors are aged, the growth of sol-gel layers is 
controlled by a hydrodynamic process that obeys the well-known Landau-Levich 
model. 
We have further demonstrated that: 
 Isothermal annealing at ~400 °C will dehydrate the multilayers and remove the 
residue acetate groups without damaging the MMT nanoplatelets and the ordered 
layered structure of the films. 
 Free-standing multilayers can be made via using sacrificial substrates. 
 Nanomechanical measurements also showed that the elastic modulus (and 
presumably other properties) of these composite multilayers can be intentionally 
tuned by changing the multilayer design and that significant porosity is present in 
these multilayers even after annealing. 
 This newly developed methodology can be extended to other metal oxides. 
Moreover, we have synthesized yet another new class of {nanoclay-(oxide 
nanoparticle)}n multilayers (again for the first time), with a novel “plate-ball” 
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architecture. Several derivative and more complex multilayer structures have also been 
made. Finally, we also explore the feasibility to synthesize several other types of 
multilayer structure, including nanoclay-ionic liquid, polymer-oxide multilayers, and 
nanotube-oxide multilayers.  
Potential applications of the {nanoclay-(sol-gel oxide)}n and {nanoclay-(oxide 
nanoparticle)}n multilayers as high-temperature gas membranes, micro-cantilevers, 
interface-based fast ion conductor, photonic sensors, and protective coatings are 
discussed. 
The success of this series of studies enables further endeavors to make a variety of 
novel nanostructured films. These LbL deposition techniques can be conveniently 
adapted for making periodic multilayers or functionally-graded oxide films via changing 
the composition or concentration of oxide cationic precursor solutions periodically or 
continuously. As shown in Figure 49, integration of various active (e.g., piezoelectric or 
magnetic) oxide and non-oxide ceramic materials enables a versatile yet inexpensive 
approach to fabricate functional nanostructures in further studies, and other types of 
nanosheets (e.g., exfoliated layered double hydroxides, MoS2, or graphenes) can be used 
to replace nanoclays to provide further versatility for the design of these nanostructures. 

















SYNTHESIS OF CERIA FILMS 
 
Ceria films were synthesized with a modified SILAR method. A 0.1 M cerium 
nitrate and 1 N NH4OH were used as the cationic and anionic solutions respectively. The 
cerium nitrate solution was prepared by dissolving 0.326 g cerium (III) nitrate 
hexahydrate (  3 23 6Ce NO H O ) in 75 ml deionized water. Ceria films were made using 
the following parameters: dipping speed = 20 mm per minute, holding time = 10 seconds, 
annealing temperature = 600C, annealing time = 2 hours, and deposition cycles = 10. 
The quality of ceria films made by our modified method (one rinsing step) was 
comparable with those made by Arcot’s method (no rinsing steps), as shown in Figure 50 
(a) vs. (b). Both films are uniform and nanocrystalline. The grow rate of ceria film made 
by our method is 5 nm per cycle, which is similar to that made using Arcot’s method (6 
nm per cycle 90).  
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Figure 50. Cross sectional SEM images of ceria films made using (a)  3 23 6Ce NO H O  
and 4NH OH precursors and (b) Arcot’s method. 
 
One issue about using the  3 3Ce NO  cationic solution and the 4NH OH  anionic 
solution is that one noticeable layer of impurity film appears on the surface of the 
 3 3Ce NO  solution after/during the deposition procedure, or even without running the 
deposition procedure. Probably, the evaporated ammonia from 4NH OH solution reacts 
with  3 3Ce NO  on its solution surface, forming complexes    4 3x yNH Ce NO .  
Therefore, two new recipes were tried. In one recipe, a 0.1 M  3 3Ce NO  and a 
0.01 N NaOH precursor solution were used. In the other recipe, which was adapted from 
Tolstoy et al.’s 191, ceria films were synthesized with a 10-minute holding in 0.01 M 
 3 3Ce NO  as a substrate pretreatment and then with repeatedly dipping in 0.001 M 
cerium acetate, rinsing, dipping in a mixture of 0.1 M 2 2H O and 4NH OH , and  rinsing. 
The ceria film made with  3 3Ce NO  and NaOH  solutions had a growth rate of 4.8 nm 
per cycle and good thickness uniformity (Figure 51a). The ceria film made with the 
adapted Tolstoy’s recipe had a growth rate of ~ 1 nm per cycle, similar as Tolstoy’s 
report (0.75 nm per cycle 191), and was also uniform (Figure 51 b). Importantly, no 
impurity films formed on any solution surfaces. Therefore, both recipes can be used for 
future ceria film synthesis.  
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Figure 51. Cross-sectional SEM images of ceria films made with (a)  3 23 6Ce NO H O  








1. Substrate Cleaning  
Five cleaning methods were investigated, and a well-cleaned SiO2 substrate is 
expected.   
1.1 Cleaning procedures 
Method a. (standard cleaning) 
1. A sulfuric acid and hydrogen peroxide mixture (piranha solution) was 
prepared with 3:1 volume ratio of 98% H2SO4 and 30% H2O2. Silicon 
substrates were immersed into a 40 ml piranha solution and kept in a fume 
hood for 20 minutes. 
2. Rinsing the substrates 4 times with deionized water.   
3. An ammonium hydroxide and hydrogen peroxide mixture (SC 1192) was 
prepared with 5:1:1 volume ratio of deionized water, 30% H2O2, and 29% 
NH4OH. The substrates were immersed into a 70 ml SC 1 solution and were 
heated at 70 °C for 10 minutes with a hot plate. 
4. Rinsing the substrates 4 times with deionized water.   
5. A hydrochloride acid and hydrogen peroxide mixture (SC 2192) was prepared 
with 5:1:1 volume ratio of deionized water, 30% H2O2, and 37% HCl. The 
substrates were immersed into a 70 ml SC 2 solution and were heated at 70 °C 
for 10 minutes with a hot plate. 
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6. Rinsing the substrates 4 times with deionized water.   
7. Drying the substrates with N2 gas.  
Method b. (acetone cleaning) 90, 98 
1. Substrates were immersed into a 30 ml 99.5% acetone solution and 
ultrasonicated for 30 minutes.  
2. The substrates were held in air until acetone residues evaporated. 
Method c. (alkali cleaning)  90, 98 
1. Substrates were immersed into a 75 ml 0.1 M NaOH solution for 20 minutes.  
2. The substrates were immersed into a 75 ml 1N HCl solution for 5 minutes. 
3. The substrates were ultrasonically rinsed in deionized water for 20 minutes.  
4. The substrates were held in air for ~ 20 minutes until no visible water residues 
on the substrate surface. 
Method d.  
1. Substrates were immersed into a 30 ml 95% hexane (C6H14) solution for 10 
minutes. 
2. The substrates were immersed into a 30 ml 99.5% toluene (C7H8) solution for 
10 minutes. 
3. The substrates were immersed into a  30 ml 99.5% acetone (CH3COCH3) 
solution for 10 minutes. 
4. The substrates were immersed into a 30 ml 99.5% ethanol (C2H5OH) solution 
for 10 minutes. 
5. The substrates were immersed into 30 ml deionized water for 10 minutes. 
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6. The substrates were immersed into a 30 ml 99.5% acetone solution for 10 
minutes. 
Method e.  
1. Substrates were immersed into 75 ml 0.1 M NaOH and ultrasonicated for 20 
minutes. 
2. Rinsing the substrates 4 times with deionized water. 
3. The substrates were immersed into a 40 ml piranha solution and kept in a 
fume hood for 20 minutes. 
4. Rinsing the substrates 4 times with deionized water. 
5. The substrates were held in air for ~ 20 minutes until no visible water residues 
on the substrate surface. 
 
1.2 Comparisons 
Optical micrographs of silicon substrates cleaned by five different methods are 
shown in Figure 52, and the background color difference is caused by incident light 
polarizations. All the substrates showed uniform and scratch-free surfaces. Furthermore, 
Figure 52 (a), (d) and (e) showed no impurity particles, but Figure 52 (b) and (c) showed 
more than ~ 10 particles per 0.5 mm2. Therefore, method a, d, and e are more effectively 
to clean the surface than method b or c. Method e uses fewer chemicals and has an easier 
procedure to follow, while having similar cleaning results as method a and d. 
Specifically, the basic NaOH and the piranha solution can remove both inorganic and 
organic contaminants. In addition, the treatment of the piranha solution makes substrates 
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more hydrophilic and good for solution-based film depositions. Therefore method e is 
selected to be the routine cleaning procedure. 
 
Figure 52. Optical micrographs of substrates cleaned by (a) method a, (b) method b, (c) 
method c, (d) method d, and (e) method e. 
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2. Montmorillonite Exfoliations  
A variety of nanoclay exfoliation methods have been explored for synthesis of 
nanoclay-polymer multilayers, as listed in Table 7.  
 
Table 7. Nanoclay exfoliation procedures from literatures. 
 
Nanoclay Exfoliation Procedures Reference 
Montmorillonite 1. A few microgram clay powders were dispersed into 
10 mL water. 
2. The suspension was ultrasonicated for 8-16 hours. 
3. The suspension settled one day or more. 
Piner et 
al. 193 
Montmorillonite 1. 4 g MMT was dispersed into 120 mL deionized water. 
2. The suspension was stirred at room temperature for 24 
hours and ultrasonicated for 30 minutes. 
Wang et 
al. 194 
Saponite 1. Saponite was dispersed in deionized water with a 
concentration of 0.2 wt. %. 
2. The suspension was shaken 1 day, ultrasonicated 4-6 
hours, and shaken additional 12-24 hours. 
3. The supernatant of the suspension was collected. 




1. MMT was dispersed in deionized water with a 
concentration of 0.3 mg/mL. 




controlled at pH 6.5. 
Montmorillonite 
(Hungary) 
1. A 10 g/L MMT suspension was prepared and settled 
in a 20-cm long jar for 17 hours. 
2. The supernatant of the suspension was removed and 
converted to Na-MMT by stirring with 1.0 N NaCl.  
3. The Na-MMT particles were then separated by 
centrifugation, washed, and dialyzed to remove excess 
electrolytes. 
4. 2.0 g of purified, air-dried Na-MMT was 
ultrasonicated in 100 mL distilled water (2 wt. %) for 
40 minutes.  
5. The supernatant of the suspension was removed and 
ultrasonicated for another 20 minutes. 
6. The top fraction of the supernatant was separated and 





1. 5 g MMT was dispersed into 1 L deionized water. 
2. The suspension was vigorous stirred for 1 week. 
3. The suspension was allowed to sediment for 1 day and 
the supernatant was collected and used. 
Podsiadlo 
et al. 10, 25 
 
Three exfoliations methods were compared. 
Method I (adapted from Lvov’s method 36) 
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1. 0.0225 g MMT (Cloisite Na+) was dispersed into 75 ml deionized water to form a 
0.03 wt. % suspension (pH 7.24). 
2. The suspension was stirred for 20 minutes at 1k rpm with a magnet. 
3. The suspension was ultrasonicated for 20 minutes. 
Method II 
1. Preparing 0.2 g/ 40 ml sodium hexametaphosphate (Na-HMP; (NaPO3)6) solution.  
2. 0.3 g MMT (Cloisite Na+) was dispersed into 75 ml deionized water to form a 0.4 
wt. % suspension. 
3. A 0.75 ml Na-HMP solution was added dropwise into the MMT suspension with 
a weight ratio of 1:100. 
4. If the pH value of the MMT suspension is less than 7, then 0.1 N NaOH was 
added. 
5. The MMT suspension was stirred for 20 minutes and then ultrasonicated for 
another 20 minutes. 
Method III is same as Podsiadlo’s, as listed in Table 7. 
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Figure 53. (a-c) Optical micrographs of pre-cleaned silicon substrates, which were 
dipped into the MMT suspension exfoliated by method I-III respectively.  
 
Pre-cleaned substrates were dipped into the MMT suspension exfoliated with 
method I, II, or III, and their optical micrographs were shown in Figure 53. Both Figure 
53 (b) and (c) show uniform substrate surfaces, and uniformly distributed clay platelets 
can be seen in Figure 53 (b). The substrate in Figure 53 (a) is largely uniform except 
some clay aggregations at the corner. Therefore, exfoliation method II and III result a 
better MMT coating on the substrate, suggesting a better quality of multilayers. 
Exfoliation method III takes a longer time to stir a MMT suspension than method I and 
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II, ensuring a fully exfoliation, and one-day settling removes residue large particles. 




EFFECTS OF PH ON THE GROWTH OF NANOCLAY-NANOPARTICLE 
MULTILAYERS  
 
Two groups of experiments were designed to investigate effects of the pH of 
suspensions (nanoparticle or both nanoparticle and nanoclay) on the growth of 
{nanoclay-(CeO2 nanoparticle)}n multilayers. In the first group of experiments, CeO2 
suspensions with the pH value from 1 to 7 were used, and nanoclay suspensions were 
used as-prepared (pH: 7.93). Cross-sectional SEM images of {MMT-CeO2}n multilayers 
are shown in Figure 54. If pHCeO2 = 6.97, {MMT-CeO2}n multilayers showed no layered 
structures. If pHCeO2 = 1.28 or 2.38, the multilayers showed regular layered structures, 
and the thickness was 52 and 36 nm per layer respectively.  
 
Figure 54. Cross-sectional SEM images of {MMT-CeO2}n multilayers synthesized with 
different pH values of CeO2 suspensions.  
 
Since the PZC of CeO2 is 8.1 
126, CeO2 nanoparticles were positively charged 
when pH of the suspensions (MMT or CeO2) is less than 8.1. The zeta potential of CeO2 
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(CeO2) nanoparticles is ~ 0 mV for pH = 7.93 (in MMT suspension), slightly positive for 
pHCeO2 = 6.97, and largely positive for pHCeO2 = 2.38 or 1.28. However, the zeta potential 
of MMT surfaces (MMT) keeps constant ~ -30 mV regardless of the pH of suspensions. 
When a substrate was dipped into a MMT suspension (pH = 7.93), electrostatic 
attractions between CeO2 nanoparticles and MMT were negligible. When a substrate was 
dipped into a CeO2 suspension with a low pH (pH = 2.38 or 1.28), electrostatic 
interactions between CeO2 nanoparticles and MMT were strong, and electrostatic-assisted 
LbL assembly forms multilayers. When a substrate was dipped into a CeO2 suspension 
with a high pH (pH = 6.97), the electrostatic interactions between CeO2 nanoparticles and 
MMT were weak, hence neither layered structures nor multilayers were formed. 
In the second group of experiments, the pH of CeO2 and MMT were set to be 
same. Cross-sectional SEM images of {MMT-CeO2}n multilayers are shown in Figure 
55. No layered structures were observed for conditions as pHCeO2 = pHMMT = 1.3 or 
pHCeO2 = pHMMT = 4.3. Though electrostatic interactions between CeO2 nanoparticles and 
MMT in both CeO2 and MMT suspensions are strong, as CeO2 nanoparticles are now 
positively charged in the both suspensions, the electrostatic interactions are more 
complex because of the change of pH of MMT suspension. 
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Figure 55. Cross-sectional SEM images of {MMT-CeO2}n multilayers made with pHCeO2 
= pHMMT = 1.3 (left image) or pHCeO2 = pHMMT = 4.3 (right image). 
 
MMT edges take only 1% of total surface area of a MMT platelet 196, and have  
pH-dependent charges (not as MMT surfaces). Since the PZC of the MMT edge is 7 196, 
the MMT edge is positively charged when pHCeO2 =pHMMT = 1.3 or 4.3, with zeta 
potential ≈ 20 mV for both cases 196. In a CeO2 suspension (pHCeO2 = 1.3 or 4.3), MMT 
surfaces were negatively charged (-30 mV) and positive CeO2 nanoparticles were 
attracted to them, though the electrostatic interactions between MMT edges and CeO2 
may be negligible due to the low amount of exposed edges. In a MMT suspension 
(pHMMT = 1.3 or 4.3), positive CeO2 nanoparticles attracted negative MMT surfaces, as 
shown in Figure 56. While, simultaneously, positive MMT edges would move towards 
negative MMT surfaces, forming ‘edge-face’ aggregations. This may also explain the 




 Figure 56. A schematic of the MMT adsorption on positive nanoparticles with MMT 
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